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NOMENCLATURE 
a  constant  
ap  solid-liquid interfacial area for mass transfer per unit volume, m
-1
 
A  constant 
b   constant 
B  baffle width, m 
C  impeller clearance from the tank bottom, m   
Cv  solids concentration, (v/v) 
(Cv)eff  effective solids concentration, (v/v) 
(Cv)op  optimum solids concentration, (v/v) 
CNa  NaOH concentration, mol/m
3
 
(CNa)0  initial NaOH concentration, mol/m
3
 
CL  solute concentration in the bulk of liquid, mol/m
3
 
Cs  solute concentration at the solid surface, mol/m
3
 
D  impeller diameter, m 
DA  diffusion coefficient, m
2
/s 
dp  particle diameter, m 
d32  Sauter-mean particle diameter, m 
gc  gravitational acceleration constant, m/s
2
 
H  liquid height, m 
HB  sedimentation bed height, m 
I  apparent level of turbulence fraction 
k  constant  
kSL  solid-liquid mass transfer coefficient, m/s 
kSLap  volumetric solid-liquid mass transfer coefficient, 1/s 
Le  scale of primary eddies 
m  constant 
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M  rate of diffusional mass transfer 
ML  mass of liquid, kg 
Ms  mass of solids, kg 
n  constant  
N  impeller rotational speed, rps 
Njs  impeller speed at just off-bottom suspended condition, rps 
Np  impeller power number, P/ρLN
3
D
5 
P  power consumption, W 
Re  Reynolds number 
Res  Reynolds number based on slip velocity (    
      
  
) 
Rep  Reynolds number based on particle diameter (    
  
       (
 
 
)
   
 
) 
ReK Reynolds number based on Kolmogoroff‘s theory of isotropic turbulence,   
(   (
    
 
  
)
   
) 
Rec Reynolds number as a function of solids concentration 
(    (
   (
  
    
)
  
   
 
  
)
   
) 
S  constant in Zwietering equation 
Sc  Schmidt number (   
  
    
) 
Sh  Sherwood number (    
      
  
) 
T  tank diameter, m 
t  time, s 
ut  slip velocity, m/s  
V  volume, m
3
 
X  ratio of mass of solids to mass of liquid, kg solid/kg liquid 
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Subscripts 
js  just off-bottom suspended condition 
L  liquid 
s  solid 
SL  solid-liquid 
 
Greek symbols  
τa  absolute torque, N.m 
τm  measured torque,  N.m 
τr  residual torque, N.m 
  scale of smallest eddies, m 
r  viscosity of the continuous phase, Pa.s 
slurry  apparent slurry viscosity, Pa.s 
ρ  density, kg/m3 
ρL  liquid density, kg/m
3
 
ρs  solid density, kg/m
3
 
ρslurry  slurry density, kg/m
3
 
μ  viscosity, Pa.s 
μL  liquid viscosity, Pa.s or kg/m.s 
ɛ  energy dissipation rate, W/kg 
ɛjs  specific power at just off-bottom suspended condition, W/kg 
 m  maximum volume fraction 
   kinematic viscosity, m2/s 
α  a degree of arc, o 
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SUMMARY 
Solid-liquid agitated vessels are widely used in a number of chemical and mineral process 
industry operations such as adsorption, ion-exchange, leaching, dissolution and 
crystallisation. Due to the strong demand in the mineral processing industry to process more 
ore, these vessels are often required to process slurries with higher solids concentration than 
normally used. With an increase in the solids concentration of slurries, the impeller speed 
required to suspend the solids off the tank bottom increases, which consequently increases the 
impeller power input into the system. The increase in solids concentration will also have an 
effect on solid-liquid mass transfer coefficient thereby affecting the overall mass transfer rate. 
It is of interest to the industry to intensify the solid-liquid mass transfer operations to process 
more minerals whilst minimising energy consumption. Therefore, the main objective of this 
work is to determine the ‗optimum solid concentration‘ and the best impeller type and baffle 
arrangement that will ensure high impeller energy efficiency input and highest achievable 
mass transfer coefficient. This is achieved by a systematic experimental study involving a 
range of solids concentration varying from 0.08 to 0.30 (v/v). This study also aims to 
investigate the effect of scale-up on solid-liquid mass transfer using two geometrically similar 
tanks of different scales. It is also aimed to develop a mathematical correlation using the 
experimental data for estimating the solid-liquid mass transfer coefficient.  
Experiments were carried out in 0.20 and 0.30 m diameter cylindrical tanks. Four equally 
spaced vertical baffles were used to study the effect of baffles on mass transfer, critical 
impeller speed for off-bottom suspension (Njs) and impeller power draw. Aqueous NaOH 
solution and cationic ion-exchange resins were used as the liquid and solid phases, 
respectively. Solid-liquid mass transfer coefficient was determined at various intervals by 
measuring the changes in the conductivity of NaOH solution due to the transfer of cations 
 19 
 
from the liquid to solid phase using an electrical conductivity meter.  The critical impeller 
speed Njs required to ‗just suspend‘ the solid off the tank bottom was determined by 
measuring the sedimentation bed height (HB) visually and defining the impeller speed at 
which HB becomes zero as Njs. Impellers used in this work were: Rushton disc turbine, 45
o
 
pitched blade turbine and A310 impeller.  
Experimental results show that the specific impeller power input expressed on the basis of 
total mass of solids suspended in the system decreases with increasing solid concentration, 
reaches a minimum value and then begins to increase. The optimum solids concentration 
(Cv)op, at which the specific power value is minimum, varies between 0.20 and 0.25 (v/v) 
depending on the impeller type and baffle arrangement. These results indicate that the energy 
efficiency of solid-liquid mixing vessels can be increased by operating them at an optimum 
solids concentration, which is higher than those normally used. The specific power values 
under unbaffled condition are much lower than those under baffled condition indicating that 
the agitator energy efficiency at high solids concentrations can be improved for all impeller 
types by removing the baffles. Rushton turbine is found to be more energy efficient compared 
to other impellers under unbaffled condition whereas it is found to be the least energy 
efficient under baffled condition.   
All mass transfer experiments were conducted at the critical impeller speed Njs to ensure the 
entire solid surface area is available for mass transfer. Experimental results show that the 
solid-liquid mass transfer coefficient increases with an increase in solid concentration up to 
0.20 (v/v) and decreases thereafter. The increase in mass transfer coefficient with an increase 
in solid concentrations is mainly due to the increase in Njs with increasing solids 
concentration, thereby leading to an upsurge of turbulence around the particles. The solids 
concentration at which the highest mass transfer coefficient is obtained is designated as the 
 20 
 
effective solids concentration (Cv)eff. Rushton turbine is found to produce the highest mass 
transfer coefficient values under both baffled and unbaffled conditions as it has the highest 
agitation energy efficiency. Removal of baffles has no significant effect on mass transfer 
coefficient values regardless of the solids concentration and impeller type used.  
The trends in impeller energy efficiency and solid-liquid mass transfer coefficient values with 
increasing solids concentration are similar in the 0.3 m tank. It appears that operating the 
system using Rushton turbine at an optimum solid concentration under unbaffled condition 
not only leads to a greater enhancement in impeller energy efficiency but also in solid-liquid 
mass transfer coefficient value. 
The experimental data obtained in this work was used to obtain a correlation to estimate the 
solid-liquid mass transfer coefficient in solid-liquid agitated systems. The correlation is 
developed using the concept of the Kolmogoroff‘s theory of isotropic turbulence to estimate 
the energy dissipation rate in agitated vessels. The solid-liquid mass transfer coefficient 
values estimated using the correlation are found to agree within ± 15% of experimental 
values. 
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CHAPTER 1 INTRODUCTION 
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1.1 Introduction 
Mechanically agitated vessels are employed in mineral processing and chemical industries to 
achieve the dispersion of solids in liquid to enhance the mass transfer between the two 
phases. In mineral leaching operations, they are used for solid-catalysed reactions to leach out 
valuable metals such as gold, copper, silver and zinc. In the case of gold leaching, the metal 
is leached out of the mineral ore by sodium cyanide solution, forming metal complexes which 
are then adsorbed by activated carbon from the pregnant liquor in continuously agitated 
vessels. The loaded activated carbon particles are subsequently washed to recover the 
valuable metal. Similar processes are carried out in other mineral processing operations in 
agitated vessels. 
The continuous growth of world population has led to an increased demand for resources 
(e.g., valuable metals, raw metals). Consequently, this has led the mineral industries to 
intensify the existing processes and produce more materials to meet the increasing demand. 
One way of achieving the process intensification in agitated vessels is to increase the solid 
throughput or improve the efficiency of mixing while making only some minor changes to 
impeller or baffle geometry.  This is because it is often impractical to change the size of 
existing vessels and the agitator motor suddenly.  
When increasing the solids throughput for the purpose of process intensification, solids 
concentration in the slurry increases. Increased solids concentration subsequently influences 
various parameters such as the solid-liquid mass transfer coefficient and the impeller speed 
and power for achieving solids suspension.  Industries that are under pressure to intensify 
their processes in agitated vessels are looking for techniques that can help them in achieving 
increased solids throughput and concentration but with minimum increase in energy 
consumption. 
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There have been many studies in the literature on solid-liquid dispersion and mass transfer in 
agitated vessels but a majority of them involves low concentration slurries. The main reason 
for this is the perceived difficulties involved in carrying out experimental work with high 
concentration slurry. There is hardly any study in the literature that can be used to determine 
the best vessel and impeller geometry and operating conditions for processing high 
concentration slurry. In a recent study on solids suspension, Wang et al. (2012) reported that 
operating a solid-liquid mixing vessel at a relatively high solids concentration of  0.20 (v/v) 
is preferable due to higher impeller energy efficiency and the possibility of suspending more 
solids for every unit of power input. Few other studies by Wu et al. (2010b), Wang et al. 
(2012), and Tawaga et al. (2011) also have reported that the impeller power required in 
suspending high concentration slurry decreases significantly under unbaffled condition. 
However, all these studies are limited to solids suspension only. The influence of solids 
concentration on solid-liquid mass transfer has not yet been investigated in detail. Therefore, 
the present work aims to investigate the effect of solids concentrations on solid-liquid mass 
transfer. The role of impeller type and baffle arrangement will also be investigated in this 
study to determine the best geometry for high solids concentrations. 
In any solid-liquid mass transfer operation, the availability of a large solid-liquid interface is 
critical for mass transfer. In agitated solid-liquid systems, a large solid-liquid interfacial area 
is achieved by ensuring particles are fully suspended in the liquid phase. Another important 
design parameter that influences the solid-liquid mass transfer is the solid-liquid mass 
transfer coefficient kSL. The kSL is a function of many parameters including impeller speed, 
particle type and size, solids concentration, physical properties of the solid and liquid phases, 
and temperature. Since numerous parameters contribute to the value of kSL, systematic studies 
need to be carried out to determine the effect of each of these parameters on kSL.  
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Numerous studies on solid-liquid mass transfer in agitated vessels have been reported in the 
literature. Many of them involved solid to liquid mass transfer (dissolution) operations with a 
fairly high inert particle concentration and a low active particle concentration. Very few 
studies reported on liquid to solid mass transfer (adsorption) operations and most of them are 
restricted to systems with solids concentration less than 0.01 (v/v) where the interaction 
between the particles is negligibly small (Kato et al., 1998; Pangarkar et al., 2002; Kasat and 
Pandit, 2005; Tagawa et al., 2011). Harriott (1961) reported that solids concentration between 
0.001 and 0.053 (v/v) has no effect on the mass transfer coefficient. Lal et al. (1988) made 
similar observation but for systems with up to 0.10 (v/v) solids concentration. Conversely, 
Cline (1978) used a solid concentration range of 0.05 – 0.40 (v/v) at a constant impeller speed 
and showed that the mass transfer coefficient decreases with increasing solids concentration.  
It is clear from the above discussion that there is no clear knowledge on the influence of 
solids concentration and impeller speed on solid-liquid mass transfer coefficient. Moreover, 
many of the past studies have been carried out either at a constant impeller speed or at 
varying impeller speeds. In such cases, the availability of solid-liquid interfacial area will 
vary due to the different levels of suspension that can occur. To eliminate the variation in the 
solid-liquid interfacial area and maintain it constant, it is essential to operate the agitated 
vessel at just off-bottom suspension condition. At this condition, all particles are moving 
continuously and their entire surface area is available for mass transfer. It will be easier to 
study systematically the influence of several variables such as impeller type, baffle 
arrangement and solids concentration on mass transfer coefficient when solid-liquid 
interfacial area is constant. Drewer et al. (2000) suggested that for chemical processes, except 
for some operations like crystallisation, suspension homogeneity is not important. They 
proposed that it is sufficient to keep the solids at just off-bottom suspended condition to 
ensure the full surface area is available for mass transfer.  
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It is clear from the above discussion that the knowledge on the effect of solids concentration 
on solid-liquid mass transfer in agitated vessels is not complete. Especially, the knowledge of 
solid-liquid mass transfer coefficient at high solids concentrations (> 0.10 (v/v)) is lacking 
significantly. The applicability of literature results to the process design of industrial solid-
liquid mass transfer vessels is limited to systems with low solids concentration (< 0.10 (v/v)). 
Therefore, it is desirable to investigate the effect of high solids concentration on solid-liquid 
mass transfer coefficient using different impeller types and baffle arrangements. It is also 
desirable to carry out a study in which a majority of the experiments is conducted at a critical 
impeller speed (Njs) that ensures just off-bottom suspension.  
This work will provide an improved knowledge for designing solid-liquid agitated vessels 
handling high concentration slurries. This study will be beneficial for improving impeller 
energy efficiency and solid-liquid mass transfer coefficient value. The knowledge obtained 
from this study will help in determining the best operating conditions and geometry required 
for tanks handling high concentration slurries to increase the solid-liquid mass transfer 
coefficient at an optimum energy consumption. Nevertheless, the principle of effective mass 
transfer coefficient due to the turbulence intensity of the liquid flow generated by mechanical 
agitation with an increase in solids concentration is applicable to many other applications 
such as fluidised bed. Fluidised bed has the effective means of interaction between solid and 
liquid flow because of its good hydrodynamic suspension. Therefore, this study on the effect 
of high solids concentration will essentially benefit other applications to enhance mass 
transfer coefficient.  
1.2 Main objectives of the research 
The specific objectives of the present work are: 
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 To obtain a better understanding of solid-liquid mass transfer in agitated systems with 
high solids concentration. 
 To investigate the influence of following variables on impeller energy efficiency and 
solid-liquid mass transfer coefficient kSL 
 Solids concentration 
 Impeller type 
 Baffles 
 To determine the best tank and impeller arrangement that will optimise the impeller 
energy efficiency and improve solid-liquid mass transfer coefficient kSL. 
 To study the effect of scale-up on solid-liquid mass transfer using a geometrically 
similar larger tank. 
 To develop a mathematical correlation using the experimental data for estimating the 
solid-liquid mass transfer coefficient kSL. 
1.3 Organisation of the thesis 
The thesis is organised as follows: 
Chapter 2:  Literature review and background 
This chapter reviews the literature relating to impeller power consumption and solid-liquid 
mass transfer in mechanically agitated vessels. It discusses the three approaches used in 
developing the correlation for estimating the solid-liquid mass transfer coefficient in agitated 
systems. 
Chapter 3:  Experimental apparatus and procedure 
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This chapter describes the equipment, materials, and experimental technique used in 
measuring the impeller power consumption and solid-liquid mass transfer coefficient. 
Chapter 4: Results and discussions – Impeller power consumption 
This chapter examines the experimental results on impeller power consumption required to 
suspend solids at high solids concentration up to 0.30 (v/v) as a function of impeller type and 
baffle arrangement. Optimum solids concentrations are found for all the variables studied on 
the basis of minimum specific impeller power consumption.  
Chapter 5:  Results and discussion – Solid-liquid mass transfer coefficient 
This chapter discusses the experimental results of solid-liquid mass transfer coefficient as a 
function of solids concentration, impeller speed, impeller type, baffle arrangement and tank 
size. An effective solids concentration is determined on the basis of impeller energy 
efficiency and high solid-liquid mass transfer coefficient values.  
Chapter 6: Mathematical correlations 
Experimental data obtained in this work is used to develop a unified mathematical correlation 
for determining the solid-liquid mass transfer coefficient in agitated systems.  
Chapter 7: Conclusions and recommendations 
This chapter shows the conclusions from the whole study. Recommendations are made for 
future work.   
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CHAPTER 2 LITERATURE REVIEW 
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2.1 Solid suspension in mechanically agitated vessels 
One of the most common unit operations in the chemical process industry is the suspension 
of particles in liquid in agitated vessels. Particles are denser than the liquid and therefore tend 
to settle towards the bottom. It is essential to provide external force such as impeller 
generated liquid flow to lift the particles and keep them in a suspended state. The energy 
input by the rotating impeller creates a circulating turbulent liquid flow which lifts the 
particles off the tank bottom and disperses them throughout the tank.  
In solid-liquid agitated systems, effective contact between suspended solids and the 
surrounding liquid is vital for the optimisation of many chemical processes. The main 
objective of agitation is to ensure the entire solid surface area is available for reaction and 
mass transfer. Efficiency of solid-liquid mass transfer depends on the performance of the 
impellers in solids suspension. This can be achieved by operating the impeller at a condition 
in which all the particles are moving freely without settling at the vessel bottom. At this 
condition, the entire surface area of the particles will be in contact with the liquid ensuring 
the availability of a large interfacial area for effective mass transfer (Levins and Glastonbury, 
1972). Nienow and Miles (1978) and Upadhyay et al.(1994) reported that the mass transfer 
rate at just suspended condition is controlled by the bulk flow pattern associated with a 
particular impeller. One of the primary design and operating parameters for an agitated solid-
liquid mass transfer system is, therefore, the solid-liquid mass transfer coefficient (kSL) at or 
above just off-bottom solids suspension condition.  
Another important operating parameter related to the solid-liquid system efficiency is the 
impeller energy efficiency. It is determined by the minimum impeller speed required for 
achieving the complete off-bottom suspension of solids. It is designated as the critical 
impeller speed for solids suspension (Njs), where the subscript ‗js‘ refers to ‗the just off-
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bottom suspension condition‘. Different visual and non-visual techniques have been proposed 
to determine the critical impeller speed required for suspension (Zwietering, 1958; Nienow, 
1968; Einenkel and Mersmann, 1977; Wu et al., 2002). One of them is the visual method 
because it is simple and widely adopted (Armenante and Kirwan, 1989; Drewer et al., 2000; 
Wu et al., 2011; Wang et al., 2012). 
2.1.1 Determination of just off-bottom suspension speed Njs 
Njs was first defined by Zwietering (1958) using the visual observation method. He defined it 
as the speed at which no particle remains at the vessel bottom for more than 1 or 2 seconds 
and all particles are in motion. With the use of a mirror placed directly underneath the vessel, 
this method aids the visualisation of the motion of solids at the tank bottom. The 1-2 second 
criterion has been frequently used to measure Njs by several researchers (Nienow, 1968; 
Drewer et al., 2000). However, many of them have raised their concerns about the accuracy 
of this method. Oldshue and Sharma (1992) reported that this method is limited to low solids 
concentrations (< 0.10 wt). Kasat and Pandit (2005) reported that it is impractical to use 
extensive energy to suspend a small amount of solids that is stagnant around the vessel 
bottom, especially near the baffles. Several other researchers also have supported this claim 
in their investigations (Nienow et al., 1997; Wu et al., 2010a). Hence, the stagnant regions on 
the vessel bottom, from where the last particles are suspended, were not included in the 
determination of Njs in some of the studies. Kraume (1992) and Kasat et al. (2005) found that 
the impeller speed required to just suspend the particles measured by this method is 20-25% 
higher than that obtained using Zwietering's method.  
A method based on cloud height was recommended by Wu et al. (2002) and Wang et al. 
(2012), to determine the Njs. This method was based on the technique suggested by Hicks et 
al. (1997). According to this method, Njs is defined as the condition at which the settled 
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particle bed height at the tank bottom becomes visible with decreasing impeller speed from a 
value greater than Njs. Further reduction in the impeller speed will lead to a visible solid bed 
at the tank bottom. This method for measuring Njs was reported to give consistent results with 
the error within ± 2 rpm. In addition, several researchers have demonstrated that this method 
is suitable for suspensions with high solids concentrations (Kuboi et al., 1974; Wu et al., 
2010b; Wang et al., 2012). Due to the complex flow pattern in the solid-liquid systems 
(especially those with high solids concentration), the particles are not evenly distributed 
throughout the tank. Hence, the bed height was usually measured at midpoint between two 
consecutive baffles. This method was chosen for determining Njs in this work. 
2.2 Impeller power consumption 
Minimising the impeller power consumption in solid-liquid mixing vessels is one of the key 
design considerations for any design engineer. It governs the performance of the vessel and is 
directly proportional to the operating cost.  As mentioned in Chapter 1, there is a strong 
demand for the intensification of many industrial solid-liquid agitated operations to process 
more solids with minimum possible power consumption. Process intensification can be 
achieved either by increasing the solids throughput or through improved physical process 
such as efficient mixing (Wu et al., 2010a). When high solids concentration is involved, it 
leads to an increase in the impeller speed and power required to suspend the solids off the 
tank bottom. In such instances, process intensification may be achieved by changing the 
impeller or baffle arrangement. Recent literature has reported that operating solid-liquid 
mixing vessels at higher solids concentrations is preferable due to higher impeller energy 
efficiency and the possibility of suspending more solids for every unit of power input (Wu et 
al., 2010a; Wang et al., 2012). 
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2.2.1 Effect of solids concentration on impeller power consumption 
It is of interest to determine the maximum solids concentration at which agitated slurry 
suspension can be processed at a minimum operating cost. However, an increase in solids 
concentration decreases the liquid circulation velocity and increases the energy dissipation at 
solid-liquid interface (Raghava Rao et al., 1988). Therefore, additional energy is required to 
compensate the energy lost due to solid-liquid friction, and particle-particle and particle-
equipment collisions (Bubbico et al., 1998). So, an increase in solids concentration leads to a 
significant increase in power draw. Raghava Rao et al. (1988) and Bubbico et al. (1998) 
reported that the energy loss is negligible at low solids concentration (< 0.04 (v/v)) but 
becomes considerable when high solids concentration is used.  
Drewer et al. (2000) proposed an optimum solids concentration by determining the specific 
impeller power requirement for solids suspension based on the impeller power consumption 
per unit mass of solids suspended. Subsequently, studies were conducted by other researchers 
based on this concept to determine the optimum solids concentration at which the specific 
impeller power input is minimum (Wu et al., 2002; Wu et al., 2010b; Wang et al., 2012). 
They reported that significant energy savings can be achieved by operating the solid-liquid 
system with high solids concentration (> 0.20 (v/v)) regardless of the impeller type and baffle 
arrangement. It was recommended that the agitation system should be operated at higher 
solids concentrations due to higher impeller energy efficiency and the possibility of 
suspending more solids for every unit of power input (Wu et al., 2010a; Wang et al., 2012). 
2.2.2 Effect of impeller type on impeller power consumption 
The main source of energy in an agitated vessel is the power dissipated by the impeller 
rotation. It generates liquid circulation and turbulence thereby suspending all the particles off 
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the tank bottom (Kasat and Pandit, 2005). The selection of a suitable impeller to satisfy the 
suspension requirement is critical. Different impellers generate different liquid flow patterns 
leading to different hydrodynamics thus affecting the impeller energy efficiency.  
A wide range of conventional impellers is available in the market for solids suspension 
operation. But the most commonly used impellers are Rushton turbine (radial flow), angled 
blade impeller, propeller, Lightnin A310 impeller (axial flow), and upward and downward 
pumping pitched blade turbines (mixed flow). Each of these impellers generates a distinctive 
flow pattern and influences the minimum impeller speed required for just off-bottom 
suspension. Extensive studies have been conducted to determine a suitable impeller design 
that will help in minimising impeller power input in solid-liquid agitated systems. Axial flow 
or mixed flow impellers have been proven to be more energy efficient compared to radial 
flow impellers under baffled condition, especially in unaerated systems (Zwietering, 1958). 
Ayranci and Kresta (2011) mentioned that A310 is better for solids suspension because its 
power consumption at Njs is lower than that of the pitched blade turbine. These benefits were 
attributed to the resultant liquid flow generated by A310. The liquid discharged from the 
impeller flows directly to the tank bottom, turns outwards towards the vessel wall, and lifts 
the particles upwards thereby making the solids suspension more efficient. 
Rushton turbine is generally known as the least energy efficient impeller in baffled solid-
liquid agitated systems. The power drawn by the Rushton turbine is mainly dissipated in the 
turbulence around the impeller rather than that at the tank bottom. One of the liquid flow 
circulation loops generated by the impeller moves below the impeller, reaches the tank 
bottom, and flows towards the centre of the tank where the particles tend to drop down. 
According to Raghava Rao et al. (1988), the poor mixing efficiency for a radial flow impeller 
is attributed to the partial availability of the energy delivered by the circulation loop to solids 
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suspension and the loss of energy during the liquid flow near the tank wall, liquid surface, 
baffles, and at the corners of the tank bottom. 
Several studies have been conducted to investigate the influence of impeller type on power 
consumption at high solids concentration. In a recent study, Wang et al. (2012)  reported that 
the radial flow impellers are marginally more energy efficient than axial flow impellers for 
suspending solids at just off-bottom condition under unbaffled condition. In addition, they 
found that it is more energy efficient to use axial flow impellers compared to radial flow 
impellers under baffled condition. However, Wu et al. (2002) reported that radial impellers 
are superior compared to axial flow impellers in suspending solids under baffled condition at 
an extremely high solids concentration (Cv = 0.49 (v/v)).  
2.2.3 Effect of baffles on impeller power consumption  
Unbaffled mixing vessels generally consume lower power than baffled systems in suspending 
solids off the tank bottom (Markopoulos et al., 2005; Wu et al., 2010b; Tagawa et al., 2011). 
The removal of baffles leads to a significant reduction in specific impeller power 
consumption for radial flow impellers compared to axial flow impellers, which is opposite of 
what is usually observed in baffled tanks. The major drawbacks for unbaffled systems are the 
ineffective dispersion of solids (solids tend to gather in a rotating pile below the impeller) and 
the longer mixing time. However, some researchers have pointed out this extended mixing 
time is inconsequential in some mineral processing operations as the reaction and the slurry 
residence times are much longer than the mixing time (Wu et al., 2010b). 
Baffles are employed in mechanically agitated vessels to prevent swirling and vortexing of 
liquid in the tank. Baffles convert the tangential liquid motion into axial and radial motions, 
enhancing the impeller mixing performance, and therefore the mass and heat transfer rates 
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(Tagawa et al., 2011). However, excessive and insufficient baffling may result in the 
reduction of mass flow and localisation of liquid circulation (Nishikawa et al., 1979). It can 
also interrupt liquid mixing and lengthen the mixing time, thus reducing the system energy 
efficiency (Lu et al., 1997; Tagawa et al., 2011).  
2.2.4 Scale up/Effect of tank diameter 
Usually, complete mixing is achievable in a smaller scale agitated vessel. But it may not 
happen in a larger vessel because the distribution of energy dissipation rate may not be the 
same as that in a smaller vessel. Hence, it is important to understand the influence of scale on 
solids suspension and verify the applicability of small scale results to a large scale system.  
Two approaches have been used to investigate the effect of scale in solid-liquid agitated 
vessels (Raghava Rao et al., 1988; Rewatkar et al., 1990; Rai, 1991). One of them involves 
varying the tank diameter (T) while keeping the impeller diameter (D) constant and the other 
involves varying the tank diameter but keeping the D/T ratio constant.  
Raghava Rao et al. (1988) reported the following relationship between the critical speed for 
just off-bottom solids suspension (Njs) and T in which the exponent on T is positive:  
     
                                       (2.1) 
Sharma and Shaikh (2003) reported a relationship between Njs and D with a positive 
exponent of 1.15 on D. In addition, they reported a relationship between the impeller power 
consumption at Njs and T as P   T
3.45
. The positive exponent in this case was attributed to the 
longer liquid circulation path required to suspend the solids off the tank bottom in the larger 
tank. 
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Raghava Rao et al. (1988) reported a negative exponent of -0.82 on T in the case of varying 
the T while keeping the D/T constant: 
     
              (2.2) 
The negative exponent was attributed to the increased liquid circulation velocity resulting 
from the overall increase in both impeller and tank diameter which lowers the impeller speed 
required to suspend the solids off the tank bottom. Although many studies have been reported 
on the effect of scale on solids suspension in agitated tanks, a universal scale-up exponent on 
either T or D is still not established. Chudacek (1986) reported that the scale up criteria for 
solids suspension in agitated tanks is dependent on the suspension criteria, tank and impeller 
geometries. 
For geometrically similar system, Njs and specific impeller power input at Njs (ɛjs) can be 
correlated to a scale factor according to the following relationships (Nienow et al., 1997): 
                  
          (2.3) 
ɛ                 
            (2.4) 
where b depends on the tank geometry and there have been a wide range of proposed values 
for b from many studies. Factors such as vessel diameter, number of impellers, and vessel 
geometry can have a significant effect on the value of b.  
Figure 2.1 summarises the scale factor results researchers have reported on the effect of the 
scale factor on js. It shows how εjs changes according to the equation (2.4) for a wide range 
of vessel size. The variation of εjs arises because of its sensitivity to the exponent b. In 
general, js was reported to decrease with scale up. The only exception is the findings of 
Buurman et al. (1986). They suggested that equal js can be obtained if exact geometric 
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similarity (including relative material thickness) is maintained. However, in general practice, 
the material gets thinner on a larger scale. Hence a smaller reduction in ɛjs is expected in a 
large scale. 
 
Figure 2.1 Effect of scale up relationship on εjs reported by many researchers (Nienow et 
al., 1997) 
 
2.3 Solid-liquid mass transfer in mechanical agitated vessels 
Dispersion of solids plays an important role in promoting mass transfer between solid and 
liquid in mixing vessels employed in mineral and chemical industries (e.g., suspension of 
activated carbon and ion-exchange resins, crystal growth, dissolution of solids with or 
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without chemical reaction, and polymer dispersion). In each of these cases, effective mass 
transfer depends on physical processes such as mixing and degree of solids suspension which, 
in turn, depends on the turbulence intensity in the system.  But, the turbulence intensity varies 
from point to point which makes it difficult to establish a uniform hydrodynamic 
environment for effective mass transfer. 
Extensive studies have been conducted to investigate the solid-liquid mass transfer 
coefficient values in agitated vessels using a variety of geometries and operating conditions. 
Some of the variables used in these studies were the impeller type and speed, impeller to tank 
size ratio, impeller location, solids concentration, baffle arrangement, and physical properties 
of the solid-liquid pair. Each of these variables could affect the interaction of the dispersed 
solid and the agitated liquid thereby influencing the solid-liquid mass transfer. 
2.3.1 Solid-liquid mass transfer coefficient 
In solid-liquid operations, particles are driven by the turbulent liquid motion and the space 
between the particles is filled with the suspending fluid. But in solid-liquid mass transfer, the 
diffusivity of solute either from or to the solid surface is controlled by hydrodynamic 
interactions around the particles. The diffusion mass transfer is considered to occur via two 
basic mechanisms: 
1. Molecular diffusion by microscopic movement of individual molecules; and 
2. Eddy or turbulent diffusion by macroscopic fluid motion.  
 
The most common example of mass transfer between solid and liquid phases is the 
dissolution of solids where molecules of the solid are transported from solid surface into the 
adjacent liquid layer. On the other hand, in adsorption and ion-exchange operations, mass 
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transfer is from the liquid phase onto the solids. In ion-exchange operations, there is an 
exchange of ions between the solid and liquid. The rate of diffusion mass transfer between 
solid and liquid phases is mainly affected by turbulence. As the flow becomes more turbulent, 
the rate of diffusion increases (Sterbacek and Tausk, 1965).   
Solid-liquid mass transfer is a film diffusion controlled process where the mass transfer rate 
is highly dependent on the refresh rate of the film around the particles. The higher the film 
refresh rate, the higher the mass transfer rate. The diffusional mass transfer, M, is defined by 
the following equation: 
                      (2.5) 
where kSL is the solid-liquid mass transfer coefficient, ap is the interfacial area for mass 
transfer per unit volume, (Cs-CL) is the concentration driving force, Cs is the solute 
concentration at the solid surface and CL is the solute concentration in the bulk of the liquid. 
The interfacial area for mass transfer per unit volume of suspension is defined by: 
   
   
   
         (2.6) 
where Cv is the volume fraction of solids in the solid-liquid mixture and d32 is the Sauter-
mean (or surface volume mean) solid diameter.  It is clear that the mass transfer rate M can 
be increased by increasing the driving force (Cs-C), kSL and ap. All these parameters can be 
influenced by agitation.  
There are many variables that affect kSL in agitated vessels and they can be classified into 
three categories (Table 2.1). 
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Table 2.1 Parameters affecting mass transfer coefficient kSL in agitated vessels  
Physical 
properties 
 Solid and liquid densities 
 Density difference 
 Diffusivity 
 Liquid viscosity 
 Particle shape and size 
Geometrical 
parameters 
 Tank shape and size 
 Impeller type and size 
 Impeller clearance 
 Baffle arrangement 
Solid-liquid 
interactions 
 Impeller speed and power input 
 Degree of suspension 
 Turbulence motion and intensity  
 Solids concentration 
 
Unlike most of the parameters in the above list, the solids concentration Cv and its effect on 
kSL has been ignored so far. The solid concentration was not considered to be a significant 
variable and it was typically less than 0.01 (volume fraction) in many mass transfer studies 
(Kato et al., 1998; Pangarkar et al., 2002; Kasat and Pandit, 2005; Tezura et al., 2008). 
Several attempts have been made to predict kSL theoretically as a function of solids 
concentration but these predictions were not verified by experimental data (Harriott, 1962; 
Brian et al., 1969).  
2.3.2 Effect of impeller speed on solid-liquid mass transfer coefficient 
In solid-liquid agitated systems, the diffusional mass transfer coefficient is mainly affected by 
the hydrodynamic environment around the solid surface (Nienow, 1975; Nienow and Miles, 
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1978; Conti and Sicardi, 1982). The hydrodynamic environment depends on the rate of 
renewal (also known as relative velocity) of the liquid layer near the solid surface. The 
renewal of the boundary layers varies from point to point within the vessel and depends on 
the intensity of turbulence around the solid surface and the convective liquid velocity 
distribution in the vessel (Paul et al., 2004). Hence, it is recommended to operate the impeller 
at a critical speed to maximise the solid surface area for mass transfer. The effect of impeller 
speed on solid-liquid mass transfer coefficient in an agitated vessel is presented in Figure 2.2. 
It can be separated into three regions: 
 In region (I), all the particles are either just moving or rotating in a circular flow at the 
tank bottom.  
 In region (II), as the impeller speed gradually increases, the particles get lifted by the 
circulating liquid flow and become suspended. When the impeller speed is increased 
to the critical value, all the particles are just lifted off the tank bottom and tend to 
meet Zwietering‘s (1958) 1-2 seconds criteria. At this stage, just complete off-bottom 
suspension condition is achieved and the corresponding impeller speed is defined as 
just-suspended speed (Njs) as shown in Figure 2.1. 
 Region (III) represents a homogenous suspension in which solids are evenly 
distributed throughout the tank.  
 
At low impeller speeds (Region I), the mass transfer coefficient values are relatively low 
(Nienow, 1968; Nagata, 1975; Lal et al., 1988). This is mainly because the liquid is 
circulating in a laminar or transition flow with little or no influence in suspending the solids 
away from the tank bottom. Hence the solid surface area is not completely available for mass 
transfer. 
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With a further increase in the impeller speed (Region II), the mass transfer coefficient 
increases rapidly. This region is characterised by the circulating liquid flow approaching a 
level of greater turbulence. At just suspended condition, entire surface area of particles will 
be in contact with the liquid ensuring effective mass transfer (Levins and Glastonbury, 1972). 
Nienow and Milers (1978) proposed that the mass transfer coefficient at just off-bottom 
solids suspension condition is the most important parameter controlled by the bulk flow 
pattern associated with a particular impeller. Hence, it is beneficial to operate the solid-liquid 
system at Njs because any decrease in the impeller speed below Njs causes particle settling 
and therefore a significant decrease in mass transfer coefficient.  
Under homogeneous suspension condition (Region III), the mass transfer coefficient 
increases gradually indicating that the overall process is bulk flow controlled. Beyond the 
fully suspended condition, as the impeller speed increases, the vortex depression at the liquid 
surface becomes noticeable. It continues up to a stage where the impeller is uncovered and 
surface aeration begins leading to little increase in mass transfer coefficient (Hixson and 
Wilkens, 1933; Nienow et al., 1997). Between the just-suspended and fully suspended 
regions, there is a region in which the liquid flow is fully turbulent. It is often desired, 
especially in crystallization operations, to operate the system at full or uniform suspended 
condition for uniform crystal growth. However, in many other operations such as dissolution, 
adsorption or ion-exchange processes, operating the system at just-suspended condition is 
sufficient to achieve a relatively high mass transfer coefficient. Operation beyond just-
suspended condition is uneconomical as the increase in mass transfer coefficient is small. 
Moreover, the cost of increased power consumption due to increased impeller speed 
outweighs the benefit gained by the corresponding increase in mass transfer coefficient 
(Nienow, 1969; Pangarkar et al., 2002).  
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Figure 2.2 Variation of mass transfer coefficient with impeller speed 
 
2.3.3 Effect of impeller type on mass transfer coefficient 
The selection of impeller depends on the application and process objective as no universal 
impeller type is optimum for every application. In agitated vessels, the flow generated by the 
impeller is dependent on the type or design of the impeller. As noted in Section 2.2.4, 
different impellers produce different flow patterns in solid-liquid systems. A wide range of 
conventional impellers (such as radial flow, axial flow and mixed flow types) has been used 
to study the effect of impeller type on the mass transfer coefficient. Pangarkar et al. (2002) 
reported that different impellers produce different levels of solid suspension and turbulence 
intensity at the same location, and therefore have different levels of influence on diffusional 
mass transfer. Low power number (power number Np = 0.1 - 0.5) impellers typically generate 
mean flow while high power number (power number Np > 3) impellers generate turbulent 
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flow (Kumaresan and Joshi, 2006). It is well known that radial flow impellers (especially disc 
turbines) generate a higher level of turbulence than axial or mixed flow impellers and thus 
lead to higher solid-liquid mass transfer coefficient values (Nienow and Miles, 1978; 
Chapman et al., 1983; Jadhav and Pangarkar, 1991; Zhou and Kresta, 1996a). 
Nienow and Miles (1978) studied the effect of impeller type on solid-liquid mass transfer 
coefficient. They reported that, at a constant impeller speed, the mass transfer coefficient 
achieved using a radial flow (disc turbine) impeller is greater than that with an axial flow 
impeller. However, at complete solids suspension, they observed a constant mass transfer 
coefficient irrespective of the impeller geometry. Doraiswamy and Sharma (1984) reported 
that, based on the impeller power consumption, the use of a 45
o
 pitched blade turbine or a 
propeller is preferable to achieve desired mass transfer coefficient values.  
2.3.4 Effect of solids concentration on solid-liquid mass transfer coefficient 
Several studies have been conducted on solid-liquid mass transfer systems and some of them 
involved agitated dissolution operations with fairly high inert and low active particle 
concentrations (Kikuchi et al., 1987) while other studies were restricted to systems with 
solids concentration lower than 0.10 (v/v). Harriott (1962) reported that solids concentration 
has no effect on the mass transfer coefficient based on their study using ion-exchange 
particles in the concentration range of 0.001 – 0.053 (v/v). Several other researchers reported 
similar observations up to a solids concentration of 0.10 (v/v) (Barker and Treybal, 1960; Lal 
et al., 1988, Kato et al., 1998; Livingston and Chase, 1990; Pangarkar et al., 2002; Kasat and 
Pandit, 2005).  
Harriott (1962) developed a correlation relating the solids concentration up to 0.30 (v/v) to 
the mass transfer coefficient. He predicted that the mass transfer coefficient would increase 
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with an increase in solids concentration by assuming that all the particles are surrounded by a 
spherical volume of fluid. However, he could not successfully validate his predictions with 
experimental data probably because the wide range of particle sizes involved in his 
experiments. 
Research on the effect of solids concentration on mass transfer coefficient is limited to 
studies carried out at a constant impeller speed (Cline, 1978). Cline (1978) reported from his 
study involving ion-exchange resins that the mass transfer coefficient decreases with 
increasing solids concentration. He varied the solids concentration from 0.05 to 0.40 (v/v). 
However, he did not observe any significant effect of solids concentration on mass transfer 
coefficient under constant impeller power input condition.   
As mentioned above, the majority of these studies was restricted to systems with solids 
concentration less than 0.10 (v/v) or were conducted at a constant impeller speed. Little 
information is available on the effect of high solids concentration on solid-liquid mass 
transfer coefficient. 
2.3.5 Effect of baffles on mass transfer coefficient 
Use of baffles in industrial agitated vessels is a common practice to achieve better mixing and 
generate turbulence intensity (Nagata, 1975; Pangarkar et al., 2002). Baffles disturb the flow 
produced by the impeller, distribute the solids uniformly throughout the liquid, and thus 
promote an effective contact between the suspended solids and the liquid film thereby 
enhancing the mass transfer. Baffles also influence the impeller generated flow patterns (Paul 
et al., 2004; Tagawa et al., 2011). 
Several researchers investigated the effect of baffles on mass transfer coefficient at high 
impeller speeds (Hixson and Wilkens, 1933; Barker and Treybal, 1960; Harriott, 1962; Lal et 
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al., 1988). They reported that the solids were fully suspended in baffled vessels because the 
liquid velocity fluctuations were greater due to the presence of baffles. 'Dead regions' are one 
of the drawbacks in a baffled tank. These regions are usually found behind baffles. Particles 
tend to accumulate behind baffles thereby leading to ineffective mass transfer between the 
particles and liquid film. 
The absence of baffles in an agitated vessel could lead to ineffective dispersion of solids. 
Particles are gathered in a rotating pile below the impeller, thus reducing the turbulence 
intensity between the solid surface and the liquid film. Nienow et al. (1997) reported that 
surface aeration (i.e, blanketing of the solid surface with ingested air) occurred at high 
impeller speeds due to the vortex formation in unbaffled tanks. This resulted in lower mass 
transfer coefficient values compared to those in baffled tanks. However, Harriott (1962) 
observed similar mass transfer coefficient values for both baffled and unbaffled vessels but at 
complete suspension condition. In addition, he reported that, when solids are partially 
suspended at low impeller speeds, unbaffled tanks leads to the higher mass transfer 
coefficient compared to baffled tank because the fraction of particles suspended at low speeds 
in an unbaffled tank is greater than that in a baffled tank. 
2.3.6 Scale Up 
Studying the effect of scale-up on mass transfer coefficient is valuable because it helps to 
predict/obtain the mass transfer coefficient for larger scale vessels. This can also aid in the 
evaluation of the operating conditions at different scales that will lead to equivalent process 
results.  
The geometric ratios that are maintained constant in the scale up of agitated vessels are the 
impeller to tank diameter ratio (D/T), impeller clearance to tank diameter ratio (C/T), liquid 
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height to tank diameter ratio (H/T), and baffle width to tank diameter ratio (B/T). However, 
there are some exceptions to these guidelines because geometric similarity is not feasible 
under all practical industrial designs. For instance, some of the above ratios in commercial 
scale tanks need to be larger than those for laboratory tanks because the distribution and 
magnitude of the mean fluid velocities and turbulent eddies vary when the tank volume 
increases. Miller (1971) and Levins and Glastonbury (1972) suggested, based on the 
predictions of their correlations for mass transfer coefficient,  that the evaluation of the effect 
of scale up on mass transfer coefficient should not be based on the concept of equal power 
input per unit volume. 
In the past, some researchers reported that vessel size has no effect on the mass transfer 
coefficient (Sano et al., 1974; Boon-Long et al., 1978; Lal et al., 1988), while others reported 
lower mass transfer coefficient and specific power input values for larger vessels at an equal 
impeller Reynolds number (Barker and Treybal, 1960). A majority of these studies were, 
however, restricted to very low solid concentrations and therefore do not truly reflect the 
industrial conditions. Based on the above review, it can be concluded that the studies on the 
effect of scale-up on solid-liquid mass transfer in agitated vessels are lacking significantly in 
the literature.  
 2.4 Correlations for solid-liquid mass transfer coefficient 
Although many correlations have been reported in the literature for estimating solid-liquid 
mass transfer coefficient in agitated vessels, most of them are applicable only to systems 
similar to the one used for developing the correlations. Therefore, there is still a lack of a 
universal correlation for estimating solid-liquid mass transfer coefficient especially for high 
solids concentrations. 
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Due to the complex nature of flow patterns in solid-liquid agitated vessels, the dimensional 
analysis has become a more appropriate method for developing correlations for estimating 
mass transfer coefficients. Solid-liquid mass transfer coefficient depends on the molar 
diffusivity and other variables that control the fluid flow (e.g., velocity, viscosity, density and 
linear dimensions of the equipment). The most general form of correlation used for predicting 
the solid-liquid mass transfer coefficient is   
                    (2.7) 
where Sh is the Sherwood number, Re is the Reynolds number, Sc is the Schmidt number, A 
and B are constants, and m and n are exponents.  
Sherwood number (Sh) represents the ratio of total mass transfer to mass transfer due to 
molecular diffusion. In other words, it represents the ratio of convective to diffusive mass 
transfer. In agitated systems, Sherwood number is defined as: 
   
     
  
         (2.8) 
where kSL is the solid-liquid mass transfer coefficient, DA is the coefficient of molecular 
diffusion or molecular diffusivity and dp is the particle diameter.  
Schmidt number (Sc) represents the ratio of the kinematic viscosity to the molecular 
diffusivity: 
   
  
    
 
  
  
        (2.9) 
Where μL is the liquid viscosity, ρL is the liquid density and  L is the ratio of liquid viscosity 
to its density ( L = L/L). Sc also represents the ratio of the thicknesses of hydrodynamic 
layer to mass transfer boundary layer. 
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Reynolds number (Re) used in this correlation is the impeller Reynolds number. It represents 
the ratio of inertial force to viscous force. The impeller Reynolds number is given as: 
   
     
  
         (2.10) 
where N is the impeller speed, D is the impeller diameter, μL is the liquid viscosity and ρL is 
the liquid density.  
Three approaches have been used to represent the Reynolds number (Re) used in the 
correlations for estimating the mass transfer coefficient in mechanically agitated vessels. In 
the first approach, impeller tip velocity or the speed at which the impeller tip travels through 
the liquid is used in the determination of dynamic force or drag force in Re. In the second 
approach, the rate of energy dissipation by inertial subrange eddies is used in Re based on 
Kolmogoroff‘s theory of isotropic turbulence. In the third approach, slip velocity, which is 
the difference in the velocities of the solid and liquid phases in the system, is used in Re.  
2.4.1 Approach 1: Reynolds Number (Re) calculation using impeller tip velocity 
In this approach, Re is calculated using the impeller tip velocity, which is the velocity of the 
impeller tip circulating in the liquid. In this case, the correlation involving the dimensional 
numbers of Sh, Re and Sc is expressed as follows: 
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)
 
(
 
   
)
 
       (2.10) 
In this correlation, the impeller Reynolds number, Re, is defined in terms of the impeller 
speed, N and impeller diameter, D, for the system.  
 50 
 
Hixson and Baum (1941) used impeller tip velocity in Re in correlating their mass transfer 
coefficient data from their study on dissolution operation. They proposed the following 
equation in which the tank diameter (T), rather than impeller diameter D, was used in Re:  
                   for Re          < 6.7 x 104,  (2.11) 
                      for Re          > 6.7 x 104,  (2.12) 
Since then, several investigators have used Re based on impeller tip velocity in developing 
correlations for solid-liquid mass transfer coefficient. Barker and Treybal (1960) studied a 
wide range of variables including the particle size, density difference, vessel size, and solids 
concentration and proposed the following correlation: 
                          (2.13) 
In addition, they recommended the use of an empirical equation which gave a better fit to 
their mass transfer coefficient (kSL) data:  
                  
                 
       (2.14) 
where                
 
        
 
  
 and V = tank volume. 
Although the approach in which Re is calculated using the impeller tip velocity was regarded 
as appropriate, the correlations based on this approach are in disagreement with one another. 
This disagreement is mainly due to the lack of consideration of parameters such as particle 
size and other tank geometries in developing the correlation (Schwartzberg and Treybal, 
1968). Subsequently, numerous attempts have been made to improve the correlation by 
introducing other dimensionless groups involving the impeller diameter and density 
difference (Pangarkarar et al., 2002).  
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2.4.2 Approach 2: Reynolds Number (Re) calculation using slip velocity 
The slip velocity is defined as the bulk liquid velocity relative to the terminal settling velocity 
of particles. In this approach, the solid-liquid mass transfer is considered to occur due to a 
slip between the two phases (Calderbank and Moo-Young, 1961). Harriott (1962) further 
developed this theory of particles suspended freely in turbulent flow and assuming that the 
solid-liquid mass transfer is due to steady state forced convection mass transfer. 
In solid-liquid agitated systems, the bulk liquid velocity varies from point to point due to the 
complex flow pattern in the vessel. Thus, it is difficult to estimate the average liquid velocity. 
Harriott (1962) estimated the minimum kSL for complete suspension condition using the 
terminal velocity for particles settling in a quiescent fluid, where gravity forces are 
predominant. This method for developing the correlation for solid-liquid mass transfer 
coefficient is termed as the terminal velocity-slip velocity approach (Pangarkar et al., 2002). 
Nienow and Miles (1978) developed the Froessling equation based on the slip velocity theory 
as follows: 
            
                 (2.15) 
The Res in this correlation is the particle Reynolds number, which is defined as  
    
      
  
         (2.16) 
where ut is the relative or ‗slip‘ velocity between the solids and the surrounding fluid, dp is 
the particle diameter, ρL is the liquid density and μL is the liquid viscosity.  
Galloway and Sage (1964) reported that the effect of turbulent intensity on mass transfer 
coefficient cannot be disregarded when it becomes large and its effect on mass transfer 
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coefficient cannot be disregarded. They modified Ranz and Marshall‘s (1952) correlation and 
proposed the following equation: 
          
                (2.17) 
where                                    
    and I is the turbulence intensity. 
The use of equation (2.17) has received a fundamental objection as it was developed for 
steady-state flows (Nienow, 1969; Kuboi et al., 1974). However in a solid-liquid agitated 
systems, particles are freely suspended and moved randomly with time thereby entrained both 
by turbulent flow components as well as by the mean flow of liquid (Pangarkar et al., 2002). 
Several attempts have been made to correlate kSL theoretically and experimentally so as to 
evaluate solid-liquid effective relative velocity in turbulent dispersion (Levins and 
Glastonbury, 1972; Hughmark, 1974; Kuboi et al., 1974; Hughmark, 1980). Unfortunately, 
the agreement between the estimated and experimental values is poor due to simplified 
mathematical correlations and experimental difficulties. 
The slip velocity approach based on particle motion in turbulent liquid has received a 
significant improvement compared to the specific power input criterion used in 
Kolmogoroff‘s theory. However, the use of solid-liquid slip velocity to predict mass transfer 
coefficient involves solving complex numerical equations. Moreover, there is a lack of 
information on the characteristics of turbulence over a range of operating conditions. 
Hughmark (1974) reported that it is impossible to predict the solid-liquid mass transfer 
coefficient in large reactors in the absence of a Lagrangian scale of turbulence. Harriott 
(1962) suggested that the effective slip velocity approach would break down when ∆ρ ≈ 0, 
due to the transient effects (eddies enter the concentration boundary layer surrounding the 
particles), thus affecting mass transfer.  
 53 
 
2.4.3 Approach 3: Reynolds Number (Re) calculation using Kolmogoroff’s theory of 
isotropic turbulence 
Kolmogoroff (1941) developed the theory of turbulence based on dimensional analysis. This 
theory is widely accepted due to its simplicity and its ability to relate turbulence and power 
input to the rate of mass transfer. In an agitated vessel, large primary eddies are formed due 
to the rotation of the impeller, generating highly turbulent flow. The scale of primary eddies 
is similar to the dimensions of the main flow streams which will be approximately equal to 
the impeller diameter. The primary eddies are disintegrated into microscale eddies as they 
move away from the impeller region. Hinze (1975) reported that these micro scale eddies are 
far smaller than the integral scale of primary eddies and is considered to be isotropic. The 
eddy cascade according to the theory of local isotropic turbulence is defined as: 
Le >> dp  >>             (2.18) 
where Le is the scale of primary eddies, dp is the diameter of dispersed phase particles (such 
as drops, bubbles, and solids) and   is the scale of smallest eddies or ―terminal eddies‖.  As 
mentioned above, Le is of the order of magnitude of impeller diameter. So, the primary eddies 
are unstable and non-isotropic. These primary eddies are disintegrated into smaller eddies of 
intermediate size (scale dp) until all the energy is dissipated by viscous flow which may or 
may not be isotropic. The intermediate eddies eventually break down into small ―terminal 
eddies‖ and the directional element of the main flow is progressively lost at this scale. At this 
flow field, the turbulence is known to be isotropic turbulence and the velocity fluctuates 
evenly in all directions. Kolmogoroff (1941) claimed that all eddies smaller than the primary 
eddies are independent of the bulk fluid motion and the geometry of the equipment. The 
properties of these eddies are a function of local energy dissipation rate per unit mass of 
 54 
 
liquid, ɛ and the kinematic viscosity of the fluid,  . The detailed descriptions of the theory are 
presented by Hinze (1975).  
Using dimensional analysis, Kolmogoroff defined the scale of the smallest eddies  as: 
  
    
    
(
 
 
)
    
        (2.19) 
where η is the length scale of eddies dissipating energy by viscous dissipation,  is the fluid 
kinematic viscosity,  is liquid density, and (P/V) is specific power input or energy 
dissipation rate. For local isotropic turbulence, the mean fluctuating velocity, (√ )
 
 
describes the velocity fluctuation over a distance equivalent to the particle diameter, dp 
(Calderbank and Moo-Young, 1961).  
The mean fluctuating velocity in a turbulent field over a distance dp is expressed as: 
(√ )
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       (2.20) 
For local isotropy, the Reynolds number is written as: 
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        (2.21) 
The rate of energy dissipation ɛ is given by: 
ɛ  (
 
  
)  (
 
  
)        (2.22) 
where P is the impeller power input and ML is the mass of liquid in the vessel.  
Thus, the Reynolds number becomes: 
    
  
       
 
        (2.23) 
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On using the above expression for Reynolds number in the functional relationship between 
Sherwood number, Schmidt number and Reynolds number, the following equation is 
obtained: 
          
                 (
ɛ  
 
  
)
   
    (2.24) 
This correlation indicates that solid-liquid mass transfer coefficient (kSL) is a function of 
power input per unit mass (ɛ). The distribution of local energy dissipation rate throughout the 
tank means mass transfer coefficient values will also vary spatially but using an average  
helps to predict an average kSL value (Pangarkar et al., 2002). Nienow and Miles (1978) 
reported a constant mass transfer coefficient value for a wide range of the specific power 
consumption values at complete suspension condition for different impeller types.  
According to a review done by Upadhyay et al. (1994), the presence of solids, particularly at 
high solids concentration, affects the value of ɛ thereby affecting the mass transfer 
coefficient. This implies that the Reynolds number could be affected by an increase in solids 
concentration thereby influencing the Sherwood number (equation 2.24). However, the 
evaluation of equation 2.24 and its implication at high solids concentration is still lacking. 
2.4.4 Limitations of the mass transfer coefficient correlation 
Solid-liquid mass transfer coefficient varies with the tank and impeller geometry, and the 
solid-liquid system due to the complex flow patterns and diffusivity present in the system. 
This leads to the use of different approaches to estimate the mass transfer coefficient. Many 
researchers have indicated that mass transfer coefficient correlations based on dimensional 
approach depend on several factors (e.g., impeller speed and type, impeller geometry, 
diffusivity, viscosity, density difference, solids diameter). All these factors lead to the 
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differences found between the experimental and calculated mass transfer coefficient values. 
Hence, the correlations reported in the literature are usually specific to the geometry and the 
solid-liquid system for which they have been developed. The ranges of various operating 
parameters used and the correlations developed by different investigators are listed in Table 
2.2. 
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Table 2.2 Correlations based on a dimensional approach proposed by different investigators 
 
Investigators 
Method used for 
measurement of kSL 
Tank diameter; 
baffled or 
unbaffled Impeller type 
Approach 
used to 
calculate Re Correlation proposed 
Solids 
concentratio
n (v/v) 
Harriott 
(1962) 
Ion-exchange resin in 
NaOH solution; benzoic 
acid; glycerol 
T = 0.07 - 0.53 m; 
baffled 
6 bladed disc 
turbine 
Slip velocity 
Sh = 2 + 0.6 Res
0.5
 Sc
0.33
 0.001-0.053 
Levins and 
Glastonbury 
(1972) 
Ion-exchange resin in 
NaOH solution 
T = 0.12 - 0.25m; 
baffled and 
unbaffled 
Disc turbine; 
pitched bladed 
turbine; marine 
propeller 
Kolmogoroff's 
theory 
Sh = 2 + 0.5 ReK
0.203
 Sc
0.33
 < 0.01 
Kuboi et al. 
(1974) 
Ion-exchange resin in 
NaOH solution 
T = 0.10 m; 
baffled Disc turbine 
Relative 
velocity Sh = 2 + 0.49 Res
0.5
 Sc
0.5
 n/a 
Cline (1978) 
Ion-exchange resins in 
NaOH solution 
T = 0.16 m; 
baffled 
4 bladed pitched 
turbine 
Slip velocity 
Sh = 2 + 0.95 Res
0.5
 Sc
0.33
 0.05-0.40 
Lal et al. 
(1988) 
Benzoic acid in water + 
CMC 
T = 0.14 - 0.25 
m;baffled and 
unbaffled 
Disc turbine; 
plane turbine; 
basic paddle 
Kolmogoroff's 
theory 
Sh = 2 + 0.474 ReK
0.66
 
Sc
0.33
 for Re < 800;                      
Sh = 2 + 7.525 ReK
0.25
 
Sc
0.33
 for Re >800 < 0.01 
Armenante 
and Kirwan 
(1989) 
Ion-exchange resins in 
NaOH solution, glycerol 
+ ion-exchange resin in 
NaOH and AgNO3 
T =0.19 m; 
baffled 
6 bladed disc 
turbine 
Kolmogoroff's 
theory 
Sh = 2 + 0.52 ReK
0.52
 Sc
0.33
 < 0.01 
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Table 2.2  (Continued)   
 
  
Investigators 
Method used for 
measurement of kSL 
Tank diameter; 
baffled or 
unbaffled Impeller type 
Approach 
used to 
calculate Re Correlation proposed 
Solids 
concentratio
n (v/v) 
Jadhav and 
Pangarkar 
(1991) 
Benzoic acid in water + 
CMC 
T = 0.15 - 0.57 m; 
unbaffled 
disc turbine; 4 
and 6 bladed 
pitched turbine 
(upward) 
Critical 
suspension 
speed 
kSL = 1.72 x 10
-3 
(N/Ns)
1.16
 
Sc
-0.53
 0.05 
Grisafi et al. 
(1998) 
Potassium sulphate in 
water + gas injection 
T = 0.19 m; 
baffled 
Rushton turbine; 
4 bladed pitched 
turbine 
(downward) 
Kolmogoroff's 
theory 
Sh = 2 + 0.3 ReK
0.75
 Sc
0.33
 < 0.01 
Kato et al. 
(1998) 
Ion-exchange resins in 
NaOH, KOH or Ca(OH)2 
T = 0.12 - 0.17 m; 
unbaffled 
Shaking vessel 
with 'current pole' 
Kolmogoroff's 
theory Sh = 0.112 Re
0.29
 Sc 
0.33
 0.01 
Abdel-Aziz 
(2013) 
Dissolution of copper in 
acidified dichromate 
solution 
T = 0.25 m; 
unbaffled 
4 bladed pitched 
turbine, 4 disc 
turbine 
Impeller tip 
velocity 
Sh = 0.023 Re
0.59
 Sc
0.33
 
(dc/S)
0.49
 for disk turbine;   
Sh = 0.13 Re
0.51
 Sc
0.33 
for 
pitched turbine 
Single 
particle 
 
*CMC: Carboxy Methyl Cellulose; AgNO3: Silver nitrate; KOH: Potassium hydroxide; Ca(OH)2: Calcium hydroxide
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CHAPTER 3 EXPERIMENTAL 
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3.1 Introduction 
This chapter presents the details of the mixing equipment and the experimental techniques 
used in this study. The design details of the mixing vessel, impeller type and baffles used in 
this work are described here. The settled solid-bed height technique used to determine the 
critical impeller speed for just off-bottom suspension (Njs) is discussed. The experimental 
procedure used to measure the mass transfer rate and coefficient is explained.   
3.2 Experimental setup 
A majority of experiments was carried out in a cylindrical, flat-bottom, open-top perspex 
vessel of 0.20 m (T20) in diameter. The tank was placed inside a square outer perspex tank 
and the space between the inner and outer tanks was filled with tap water to minimize the 
optical distortion due to the curvature of cylindrical tank during flow visualisation. Schematic 
diagram of the experimental setup used in this work is shown in Figure 3.1. The liquid height 
in the vessel was maintained equal to the tank diameter in all the experiments. The inner 
cylindrical tank had four equally spaced rectangular baffles with a width (B) to tank diameter 
ratio (B/T) of 1/12 expanding all the way to the vessel bottom. Off bottom impeller clearance 
was maintained at T/4 in all experiments.  A geometrically similar larger tank with an inner 
diameter of 0.30 m (T30) was also used to study the effect of tank size (scale-up) on solid-
liquid mass transfer coefficient. Detailed dimensions of the two tanks used in this work are 
shown in Table 3.1. 
Impellers used in the present study were: six-bladed Rushton disc turbine (DT6), 45
o
 pitched 
blade downward pumping disc turbine (45PBT6) and a hydrofoil (Lightnin A310 impeller). 
The impellers were chosen to represent the three impellers generated liquid flow types 
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namely radial flow, mixed flow and axial flow, respectively.   All impellers had a diameter D 
= T/3. Abbreviations of impeller names, rather than their full names, will be used throughout 
the thesis to represent the impellers. In the 0.30 m tank, only DT6 was used. Specifications of 
the impellers are given in Table 3.2. Power number for the impellers used in this work is 
similar to those reported in literature (Ayranci and Kresta, 2011; Kumaresan and Joshi, 2006; 
Wang et al., 2012) as shown in Table 3.2. Schematic diagrams of all the impellers are shown 
in Figure 3.2.  
The impeller was mounted on a centrally driven shaft attached to a torque transducer (Burster 
8645) with a measurement range of 0 ± 5 Nm. An electric motor (Heidolph RZR 2102 
control) attached to the impeller shaft was used to drive the impeller. The impeller speed was 
varied by adjusting the rotational speed of the motor shaft. The impeller speed was 
periodically tested using a mechanical tachometer. The torque experienced by the impeller 
shaft was recorded as a function of time using a personal computer.   
Table 3.1 Mixing vessel and impeller dimensions 
Vessel description 
Relation to tank diameter  
(T) 
Dimension (m) 
0.20 m tank 0.30 m tank 
Inner tank diameter, T T 0.20  0.30  
Baffled width, B T/12 0.015  0.025 
Liquid height, H T 0.20 0.30 
Impeller clearance, C T/4 0.05 0.06 
Impeller diameter, D T/3 0.067 0.10 
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Figure 3.1 Schematic diagram of the experimental setup 
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Table 3.2 Impeller specifications 
Impeller  No. of 
blades 
Flow 
pattern 
Power number 
(under baffled 
condition) 
0.20 m tank (T20) 0.30 m tank (T30) 
Impeller diameter to tank diameter 
ratio (D/T) 
DT6 6 Radial 5.10 1/3 1/3 
45PBT6 6 Mixed 2.49 1/3 - 
A310 3 Axial 0.56 1/3 - 
 
 
   
Top view Top view Top view 
 
α
 
α
 
Side view Side view Side view 
(a) DT6 (b) 45PBT6 (c) A310 
 
Figure 3.2 Schematic drawings of impellers used in this study 
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3.3 Materials 
Aqueous NaOH solution and cationic ion exchange resins were used as the liquid and solid 
phases, respectively in the mass transfer study.  
3.3.1 Ion exchange resin 
Amberlite IRN-77 cation exchange resins (supplied by Sigma-Aldrich, Australia) in the H
+
 
form was used as the solid particles in this study. The resins were black and spherical. Ion 
exchange resin is an insoluble, polymeric gel-type solid. It contains immobile and 
permanently bound co-ions of the opposite charge that replaces dissimilar and displaceable 
ions of the same charge in a solution. The ion exchange process in this study involves the 
exchange of Na
+ 
 ion in the bulk solution with a H
+
 ion from the resin according to the 
reaction, 
)(2)()()()( lssaqaq OHNaRHROHNa 

 
where R is the residual material of the ion exchange resin. While exchanging H
+
 ions in 
resins (HR) to Na
+
 ions in solution, the Na
+ 
ions diffuse from the bulk through a thin film 
surrounding the resin surface and subsequently into the resin. At the same time, H
+ 
ions 
diffuse from the resin surface through the thin film and into the bulk liquid where they either 
react with the OH
-
 ions or accumulate in the bulk liquid. This mechanism is shown 
schematically in Figure 3.3. The exchange of ions is reversible and does not cause any 
permanent change to the structure of the solid ion exchange resin. 
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Figure 3.3 Ion exchange film diffusion model 
 
Particle size distribution of resin was measured using the Malvern particle size analyser. The 
average diameter (dp) of the resin particles was found to be 672 µm. The solids concentration 
(CV) in this work varied from 0.005 to 0.30 (v/v) while the total volume of the solid-liquid 
mixture or slurry was held constant. Experiments in this work were carried out using two 
liquid (NaOH) concentrations namely 0.001 and 0.0025 M. Solids concentration used with 
these solutions are shown in Table 3.3.  This is because the NaOH concentration in the dilute 
solution was found to decrease rapidly when higher solid concentrations were used and 
sufficient number of readings could not be obtained. This made accurate measurement of 
mass transfer coefficient difficult. Therefore, a higher initial NaOH concentration was chosen 
for experiments involving higher solids concentration. It helped in obtaining accurate and 
sufficient number of readings of the NaOH concentration especially at the initial stages of the 
mass transfer experiments.  
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Table 3.3 Range of variables used in mass transfer experiments 
Set  Solids concentration, Cv (v/v) Initial NaOH solution concentration 
1. Low Cv  0.005 – 0.065 0.001 M 
2. High Cv  0.08 – 0.30 0.250 M 
 
Table 3.4 Solid properties: Ion-exchange resin 
Product name Amberlite® IRN77 
Ionic form H
+
 
Matrix Polystyrene divinylbenzene copolymer 
Particle size range  600-700 µm 
Average diameter (dp) 672 µm 
Density 1220 kg/m
3
 
 
3.4 Measurement techniques 
This section describes the measurement techniques used to determine the critical impeller 
speed for just off-bottom suspension (Njs) and solid-liquid mass transfer coefficient. 
Measurement of impeller power consumption using torque transducer is also discussed.  
3.4.1 Determination of critical impeller speed for just off-bottom suspension Njs 
In solid-liquid agitated systems, effective contact between suspended solids and the 
surrounding liquid is essential to promote mass transfer rate. The main reason for using 
mechanical agitation is to ensure the entire solid surface area is available for mass transfer. 
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Therefore, a majority of experiments in this study was conducted at the critical impeller 
speed (Njs) required to ‗just suspend‘ the solids off the tank bottom.   
The most widely used technique for measuring Njs was originally presented by Zwietering 
(1958). He defined Njs as the speed at which no particle remains on the vessel bottom for 
more than 1 or 2 seconds and all particles are in motion. He introduced the visual observation 
method in which the solid motion at the transparent tank bottom was observed with a help of 
a mirror placed directly underneath it. 
Njs was determined in this work using a technique involving the measurement of settled solid-
bed height as shown in Figure 3.4. This method was originally proposed by Hick et al. 
(1997). This method was demonstrated to be quite reliable for suspensions with high solids 
concentration by Wang et al. (2012) and Wu et al. (2010). The technique employed in this 
method was very similar to Zwietering‘s method except that the vessel was illuminated from 
the bottom but viewed from the side. Possible distortion due to the curvature of the inner 
cylindrical tank was prevented by enclosing it in a square jacket filled with water. The Njs in 
this work is defined as the point when the settled particle bed just disappears as the impeller 
speed is decreased from values higher than Njs. To determine Njs according to this method, 
the impeller speed was increased initially to a sufficiently high value so that all the particles 
were fully suspended and no particles remained stationary at the tank bottom (Figure 3.4a). 
Homogeneous suspension was achieved at this stage. The impeller speed was then decreased 
gradually until a thin sedimentary layer of solid appears at the tank bottom (Figure 3.4b). The 
impeller speed was then varied up and down a few times until the thin solid bed disappears at 
the tank bottom (Figure 3.4c). The impeller speed at which the solid bed disappeared at the 
horizontal plane was designated as NJs. It must be pointed out that the particles are not 
necessarily evenly distributed throughout the tank. Therefore, the bed height was measured at 
a point midway between two consecutive baffles. Fluorescein dye was added to the liquid to 
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help in the flow visualisation. When a UV light was used to illuminate the tank bottom, the 
dye helped in observing the settling of dark ion-exchange resins. A torch was also used to aid 
the flow visualisation of solids suspension, especially at higher solids concentration. 
   
(a) N > Njs  
Homogeneous suspension 
(b) N < Njs 
Sedimentation layer appears 
(c) N = Njs 
Solid just suspended 
 
Figure 3.4 Visual method used to determine Njs 
 
3.4.2 Measurement of impeller power consumption 
Schematic diagram of the motor and torque transducer (Burster 8645-500) assembly is shown 
in Figure 3.5. The motor and torque transducer were mounted on a steel frame to ensure the 
transducer is aligned correctly and not affected by vibration during the agitator operation. 
Two flex couplers and a pillow bearing were also used to connect the transducer to shafts on 
its both sides. This arrangement was used to prevent any extra bending experienced by the 
transducer during the mixing process. The torque transducer was connected to the sensor 
interface (LCV-USB), which is a measurement amplifier that also converts analog signals 
into digital signals. Lorenz Messtechnik Gmbh software was used to process the torque data 
on the PC.  
The absolute torque τa experienced by the impeller shaft was determined according to the 
following equation:  
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rma            (3.1) 
where τm is the torque measured during the experiment and τr is the residual torque due to 
mechanical friction in ball bearings used in the pillow bearing. The τr values were determined 
by operating the impeller in the air. The impeller power consumption was determined using 
the following equation: 
aNP 2          (3.2) 
where P is the impeller power draw (P) and N is the impeller rotational speed in revolutions 
per second (rps).  
The impeller energy efficiency in this work was analysed using specific impeller power input. 
The experimental values of specific impeller power input ε at Njs was calculated using 
equation (3.3).   
s
ajs
s
js
js
M
N
M
P 

2
         (3.3) 
where Pjs is impeller power input at Njs and Ms is the total mass of solids suspended in the 
vessel. This equation for ε was based on the consideration that the rate of mass transfer in a 
solid-liquid agitated system is independent of agitation and the vessel volume once the 
suspension of solids is achieved in the majority of solid-liquid operations except for those 
which requires homogeneous suspension such as crystallisation (Drewer et al., 2000). Drewer 
et al. suggested that, for such processes, the mass transfer rate is controlled by the solid 
surface area and therefore it is reasonable to evaluate the effect of solids concentration on 
specific impeller power based on the mass of solids suspended. When ɛjs is calculated in this 
form, a lower ɛjs value means less energy is required for suspending a given unit mass of 
solids. Conversely, higher ɛjs values represent lower impeller energy efficiency.  
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Figure 3.5 Schematic diagram of mixer motor and torque transducer assembly 
3.4.3 Measurement of mass transfer coefficient 
The changes in the conductivity of NaOH solution due to the transfer of cations from the 
liquid to solid phase was measured to study the mass transfer rate and mass transfer 
coefficient. An electrical conductivity meter (HACH, sension
TM 
40d) was employed for this 
purpose. The conductivity probe was located closer to the tank centre at mid-liquid height 
position in all experiments. This position also helped to avoid the exposure of the electrode to 
air. A calibration curve, which is a plot of specific conductance versus solute concentration, 
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was prepared using standard NaOH solutions with different concentrations. This plot was 
used to determine the concentration of the NaOH solution from its specific conductance.  
To obtain the mass transfer coefficient, it was assumed that the diffusion across the liquid 
film was the controlling resistance to mass transfer. Since the conductivity probe was 
calibrated to measure the Na
+
 ion concentration, a differential balance could be made to 
express the rate of disappearance of the Na
+
 ion from the bulk solution to the solid surface. 
The resulting differential balance yields the following equation: 
 [   ]
  
       [   ]  [   ]        (3.4) 
where [CNa]o and [CNa] are the NaOH concentrations at time zero and t, respectively and kSLap 
is the product of solid-liquid mass transfer coefficient kSL and the solid-liquid interfacial area 
for mass transfer per unit volume ap,.The volumetric solid-liquid mass transfer coefficient, 
kSLap was obtained from the changes in NaOH concentration using the following equation 
(Levins and Glastonbury, 1972; Kato et. al., 1998, Tezura et. al., 2008): 
tak
C
C
pSL
oNa
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
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




][
][
ln         (3.5) 
Using equation (3.5), kSLap was obtained from the slope of the linear plot of ln([CNa]/[CNa]o) 
versus t. Then, kSL was determined by dividing kSLap by the interfacial area ap (m
-1
) according 
to the following equation:  
32
6
d
C
a vp           (3.6) 
where Cv is the volume fraction of solids in the slurry and d32 is the Sauter-mean (or surface-
volume mean) solid diameter. The value of d32 was determined to be 0.67 mm from the 
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particle size distribution analysis of resin particles obtained using the Malvern particle size 
analyser. The ap values at various Cv are shown in Tables 3.5 and 3.6.  
  
Table 3.5 Solid-liquid interfacial area for mass transfer per unit volume of suspension, 
ap at low solids concentration. Set 1: Cv = 0.005 – 0.065 (v/v) 
Cv (v/v) ap (m
-1
) 
0.005 44.77 
0.006 54.38 
0.010 89.55 
0.013 117.82 
0.020 179.10 
0.025 223.88 
0.035 313.43 
0.045 402.99 
0.055 492.54 
0.065 582.09 
 
Table 3.6 Solid-liquid interfacial area for mass transfer per unit volume of suspension, 
ap at high solids concentration. Set 2: Cv = 0.08 – 0.30 (v/v) 
Cv (v/v) ap (m
-1
) 
0.08 725.08 
0.10 906.34 
0.15 1359.52 
0.20 1812.69 
0.25 2265.86 
0.30 2719.03 
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3.5 Experimental constraints  
There were few constraints in this work which may have led to some uncertainties and errors. 
It is well documented that the Zwietering‘s 1-2 seconds criteria to determine Njs is a 
subjective measure. The Njs values obtained in this work with different impeller type and 
baffle arrangements were different. This was due to the difference in flow patterns generated 
by different impellers and therefore solids tended to settle in different locations at the tank 
bottom. Another source of error in Njs measurement was due to the flow visualisation 
technique used in this work to observe the settled bed height. It was difficult to visualise the 
suspension of black ion-exchange resin particles at high solids concentration because not 
enough light was penetrating through the liquid phase especially at the tank bottom.  
Another major challenge experienced in this work was in adding solid particles to the liquid 
phase, especially at high solids concentration. Up to around 7 kg of solids needed to be 
transferred fairly rapidly into the liquid phase within a short time without splashing the liquid 
phase. As the resins used in this work were moist, some of them tended to stick to the vessel 
wall. Therefore, a thin plastic film lining was used in the resin container. While transferring 
the resins from the container into the mixing vessel, the plastic film was peeled off rapidly 
thereby ensuring the rapid transfer of all particles from the container to the mixing vessel.  
To check the influence of conductivity probe location on mass transfer rate studies, two 
conductivity probes were used simultaneously at different locations. No significant difference 
in NaOH concentration was found between these two locations indicating the system was 
close to well-mixed condition. In the rest of the study, only one conductivity probe was 
employed. 
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A sample plot of ln([CNa] /[CNa]o) versus t used in determining the mass transfer coefficient 
kSL is shown in Appendix Figure A.1. Only the linear section of the curve for the initial 
stages of the experiment was used in the calculation of kSL (Livington and Chase, 1990). In 
other words, the slope was determined only for the section of the curve between time t = 0 
and t = 30 seconds in all experiments. This procedure was followed mainly to maintain 
consistency in all experimental work.  
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CHAPTER 4 RESULTS AND DISCUSSION  
IMPELLER POWER CONSUMPTION 
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4.1 Introduction 
There have been many studies in the literature on the minimisation of energy input in solid-
liquid agitated vessels. Some researchers found that the removal of baffles drastically reduces 
the specific impeller power consumption for suspending solids off the tank bottom (Wu et al., 
2010b; Tagawa et al., 2011; Wang et al., 2012). On the other hand, Kasat and Pandit (2005) 
have showed that using an appropriate impeller for off-bottom solids suspension can improve 
the energy efficiency of the system. It is also well known that higher solids concentration 
leads to higher impeller power consumption. Consequently, the specific impeller power at Njs 
expressed as power input per unit liquid volume (Pjs/V) increases continuously with an 
increase in solids concentration. However, Drewer et al. (2000) reported that, it is much 
beneficial to illustrate the specific impeller power calculation as power per unit mass of solids 
suspended when operating the system at a higher solids concentration. When the specific 
power inputjs) is calculated as impeller power input at Njs per unit mass of solids suspended 
(js = Pjs/Ms), Drewer et al. found that js decreases with an increase in solids concentration, 
reaches a minimum value and then increases. This indicated that less power is required to 
suspend unit mass of solids when higher solids concentration is used. Drewer et al. reported 
that an optimum solids concentration of about 0.30 (v/v) exists at which js is minimum. The 
―optimum solids concentration‖ proposed by Drewer et al. represents a condition at which the 
energy input into the system through impeller rotation is used efficiently.  
The use of js, which is a modified specific impeller power input at Njs on the basis of total 
solid mass, is reasonable because the mass transfer rate in many solid-liquid agitated systems 
is controlled by the solid surface area once just off-bottom solids suspension is achieved. In 
this work also, the specific impeller power input ɛjs is calculated as was done by Drewer et 
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al.. The ɛjs values are used throughout this chapter and the rest of the thesis for the evaluation 
of impeller power efficiency.  
This chapter discusses the effect of solids concentration Cv, impeller type, and baffles on ɛjs. 
by varying Cv from 0.005 to 0.30 (v/v). The results presented in this chapter will help in 
determining the optimum solids concentration for the different impellers and tank geometries 
used in this work.  
4.2 Results and discussion   
4.2.1 Effect of solids concentration on specific impeller power consumption 
A typical plot of impeller power at Njs per unit slurry volume (Pjs/V) versus solids 
concentration Cv is shown in Figure 4.1 for Rushton turbine (DT6). As expected, the (Pjs/V) 
value increases gradually with an increase in Cv up to 0.20 (v/v) and increases rapidly 
thereafter. This trend indicates that higher power is required to suspend the solids off the tank 
bottom at higher Cv > 0.20 (v/v), which is consistent with the findings of many researchers 
including that of Bubbico et al. (1998). Bubbico et al. reported that the high (Pjs/V) at high Cv 
can be attributed to the particle-liquid friction, particle-particle and particle-equipment 
collisions. 
The specific impeller power data obtained in this work at Njs for ion-exchange resins are 
calculated as εjs (= Pjs/Ms) and shown as a function of Cv in Figure 4.2 for DT6 in a baffled 
tank. It can be seen clearly the ɛjs value decreases with an increase in Cv until a critical value 
and begins to increase thereafter. The decreasing trend of εjs (= Pjs/Ms) is because both Pjs and 
the denominator Ms increase as the solids concentration increases but the extent of increase in 
Pjs is lower compared to that in Ms. Therefore, the overall numerical value of εjs decreases up 
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to a certain Cv. Whereas the increasing trend of Pjs/V is because Pjs increases as solids 
concentration increases while the denominator V remains constant. Higher ɛjs values represent 
lower impeller energy efficiency and vice versa. This trend is consistent with the results 
reported by Wang et al. (2012) in their investigation on the effects of high solids 
concentration on specific impeller power consumption using spherical glass particles. Similar  
 
Figure 4.1 (Pjs/V) as a function of solid concentration Cv in a baffled tank. Impeller: 
Rushton turbine (DT6). Tank = T20 
 
to the results in Figure 4.2, Wang et al. (2012) also found a ‗U-shaped‘ curve for js results 
with the minimum ɛjs value situated around 0.25 – 0.30 (v/v). They defined the Cv value at the 
minimum ɛjs as the ‗optimum solids concentration (Cv)op‘, which represents a condition at 
which the energy input through impeller rotation is used most efficiently. Based on similar 
analysis, the optimum solids concentration in Figure 4.2 is found to be around (Cv)op = 0.20 
(v/v) for baffled conditions. The reason for designating 0.20 (v/v) as (Cv)op is that it is 
advantageous to operate the system at this Cv because more solids are suspended per unit 
impeller power input (kg solids/W) resulting in greater utilization of tank volume. To 
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illustrate this point, mass of solids suspended per unit of power input is also shown in Figure 
4.2. For example, at Cv = 0.20 (v/v), the impeller can suspend about 0.4 kg solids per Watt, 
whereas at lower Cv of 0.08 (v/v), it can suspend only 0.3 kg solids per Watt. A major portion 
of the power input at low Cv is used mainly to pump the liquid unnecessarily and a very small 
fraction of it is utilised to suspend the particles. On the other hand, quite a significant fraction 
of the impeller power input at higher solids loading is used to suspend the solids. These 
results indicate that the energy utilisation efficiency in solid-liquid mixing vessels can be 
increased by operating the vessel at higher solids concentrations, which is in agreement with 
the findings of Wang et al. (2012). Wang et al. suggested that operating a solid-liquid mixing 
vessel at a relatively higher solids concentration of  0.25 – 0.30 (v/v) is preferable due to 
higher energy efficiency of this condition and the possibility of suspending more solids for 
unit of power. These results indicate that the impeller energy efficiency in solid-liquid mixing 
vessels can be increased by operating them at a higher (optimum) solids concentration where 
ɛjs value is minimised. 
  
Figure 4.2 ɛjs = (Pjs/Ms) as a function of solids concentration Cv in a baffled tank. 
Impeller: Rushton turbine (DT6). Tank = T20 
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4.2.2 Effect of impeller type on specific impeller power consumption 
Minimising the impeller power consumption required for solids suspension is the key to 
select the most suitable impeller for solid-liquid agitated systems (Kasat and Pandit, 2005). 
To determine the most suitable impeller type, three different types of impeller were used in 
this study. They are: DT6 (radial flow), 45PBT6 (mixed flow) and A310 (axial flow). The 
effect of Cv on js for various impeller types are shown in Figure 4.3 under baffled and 
unbaffled conditions. For all impellers, the ɛjs value decreases with increasing solids 
concentration up to a low critical value and increases thereafter under both baffled and 
unbaffled conditions. The effect of solids concentration in reducing ɛjs is the greatest for DT6 
under baffled condition as can be seen from the U-shaped curve in Figure 4.3a. Among the 
three impellers used, DT6 has the highest ɛjs values at all Cv followed by 45PBT6 and then 
A310 similar to the low solids concentration (0.5 % w/w) work reported by Ibrahim and 
Nienow (1999). These results indicate that higher ɛjs is required to suspend the solids with 
DT6 compared to 45PBT6 and A310 under baffled condition. The higher power draw 
required by DT6 could be explained using the suspension mechanism proposed by 
RaghavaRao et al. (1988). The first consideration is the direction of the liquid flow. The 
liquid flow generated by DT6 travels in the radial direction towards the wall where it gets 
separated into two circulation loops, one above and one below the impeller. The loop below 
the impeller reaches the tank bottom and flows towards the impeller at the centre of the tank 
where the particles tend to drop out. As a result, only a fraction of the energy supplied by the 
circulation loop below the impeller is used for suspension (Ayranci and Kresta, 2011). In 
addition, turbulence intensity generated at the impeller tip decays along the path of the liquid 
flow causing a loss of energy during the changes in liquid flow direction (i.e., first at the tank 
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wall opposite to the impeller, second at the corner of the tank bottom; third at the tank bottom 
below the impeller) (Raghava Rao et al., 1988).  
Under baffled conditions, the js versus Cv curves are relatively flat for 45PBT6 and A310 
indicating that the effect of solids concentration on ɛjs is insignificant in these cases compared 
to DT6. For both 45PBT6 and A310, the liquid flow generated by impeller rotation flows 
directly towards the tank bottom creating suspension and turbulence below the impeller. The 
pumped liquid striking the tank bottom will flow towards the wall and the baffle, and then 
flow upwards directing the slurry upwards thereby leading to the more uniform solids 
suspension. The optimum solids concentration (Cv)op for both 45PBT6 and A310 are found to 
be about 0.25 (v/v). Based on these findings, it can be concluded that axial and mixed flow 
impellers are more energy efficient in suspending solids off the tank bottom under baffled 
condition. 
On the contrary, the ɛjs results for unbaffled condition exhibit a trend opposite to that for 
baffled condition (Figure 4.3b). For all Cv, the ɛjs values for DT6 are lower than those for 
A310 and 45PBT6 indicating that DT6, which is a high power number impeller, is more 
energy efficient than the lower power number impellers. The significant improvement in 
impeller energy efficiency observed for DT6 can be attributed mainly to the absence of 
baffles which leads to a decrease in energy dissipation at the vessel wall. Wang et al. (2012) 
also reported similar trends in ɛjs versus Cv curves for these three impellers under both baffle 
and unbaffled condition for spherical glass particles. The optimum solids concentrations for 
all the three impellers under unbaffled condition are found to be similar to those under 
baffled condition. In summary, under both baffled and unbaffled conditions, (Cv)op = 0.20 
(v/v) for DT6 and 0.25 (v/v) for 45PBT6 and A310.  
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 (a)  
(b)  
Figure 4.3 Effect of impeller type on ɛjs as a function of solids concentration Cv. (a) 
Baffled condition, and (b) Unbaffled condition. Tank = T20 
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4.2.3 Effect of baffles on specific impeller power consumption 
Wu et al. (2011) reported that removal of baffles lead to a significant reduction in impeller 
power consumption for suspending solids off the tank bottom even at a high solids 
concentration (Cv up to 0.40 (v/v)) thereby leading to improved energy efficiency of slurry 
mixing tanks. The benefit of baffle removal on specific impeller power consumption can be 
seen from Figure 4.4 where ɛjs values are plotted against Cv for different impeller type. The ɛjs 
values under unbaffled condition are significantly lower compared to those under baffled 
condition over a range of Cv (0.08 – 0.30 (v/v)) for all impeller types. The percentage 
reduction in ɛjs due to the removal of baffles is presented in Figure 4.4 for all the impellers 
used. Interestingly, DT6 leads to the greatest reduction in ɛjs values compared to 45PBT6 and 
A310. The decrease in ɛjs value due to the removal of baffles is approximately 65% for DT6 
at a Cv of 0.20 (v/v). The decrease in ɛjs due to the removal of baffles is the lowest (28%) for 
A310. However, this value is still significant especially when considering the js values for 
this impeller are the lowest even under baffled condition. In the absence of baffles, an 
inward-spiralling liquid flow pattern is generated below the impeller. This pattern allows the 
liquid circulation to draw any settled solids at the wall towards the centre and suspend them 
by the liquid swirl motion. This phenomena leads to a reduction in energy required to achieve 
solids suspension. Therefore, operating the tank without baffles could enhance the overall 
impeller energy efficiency regardless of the impeller type used. 
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 (a)  
(b)  
(c)  
Figure 4.4 Effect of baffle removal on ɛjs as a function of solids concentration Cv. 
Impeller: (a) Rushton turbine (DT6), (b) 45
o 
Pitched blade disc turbine (45PBT6), and 
(c) A310 impeller (A310). Tank = T20 
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Table 4.1 Effect of baffle removal on ɛjs. Cv = 0.20 (v/v) 
 Power Number ɛjs (W/kg) % change in ɛjs 
Due to the 
removal of 
baffles  
Baffled 
condition 
Unbaffled 
condition 
Baffled 
condition 
Unbaffled 
condition 
DT6 5.10 2.2 2.68 0.94 - 65 
45PBT6 2.49 1.8 2.20 1.04 - 52 
A310 0.56 0.4 1.89 1.35 - 28 
4.2.4 Effect of scale-up on specific impeller power consumption 
The 0.3 m diameter cylindrical tank (T30) and DT6 impeller were used to investigate the 
influence of scale up on impeller specific power. The 0.30 m tank provides a scale factor of 
1.5 to study the effect of scale up. DT6 was selected over 45PBT6 and A310, as it was found 
to be the most energy efficient impeller in the 0.2 m diameter tank (T20) under unbaffled 
conditions (as discussed above in Section 4.2.3). Both 0.2 and 0.3 m diameter tanks were 
geometrically similar. The following geometric ratios were maintained constant in both tanks: 
the impeller to tank diameter ratio (D = T/3), the impeller clearance to tank diameter ratio (C 
= T/4), the liquid height to tank diameter ratio (H = T), and the baffle width to tank diameter 
ratio (B = T/12). Nevertheless, as the volume of the tank increases, the actual volume of 
solids added for a given Cv also increases in the larger tank. 
The effect of scale-up on Njs is shown in Figure 4.5. The Njs values decrease with an increase 
in the tank diameter for both baffled and unbaffled conditions. The following equations show 
the relationship between the ratio of Njs values of the larger and smaller tanks to the scale 
factor (= 1.5) were obtained:  
For baffled condition:   
        
        
                     
 86 
 
For unbaffled condition:  
        
        
                     
The negative exponents for the scale factor (-1.22 for baffled condition and -1.30 for 
unbaffled condition) indicate that that impeller speed required to suspend the solids off the 
tank bottom decreases with an increase in the tank diameter.   
The effect of scale up on ɛjs as a function of Cv is shown in Figure 4.6. Similar to the results 
for T20 (Figure 4.2), a ‗U-shaped‘ curve is present for T30 indicating the presence of (Cv)op 
in the larger tank too. The optimum Cv values for T30 under baffled and unbaffled conditions 
are found to be 0.20 and 0.25 (v/v), respectively. These (Cv)op values for T30 are consistent 
with those for T20. However, the ɛjs values for T30 are significantly lower than those for T20 
for all Cv regardless of baffle arrangement (i.e., the average value of ɛjs value in T30 is 
approximately 60% lower than that in T20 for all solids concentration). This reduction in js is 
due to the lower Njs required at a given Cv in T30. Another possible explanation for the 
reduction in ɛjs is that T30 had a higher solid mass at a given Cv compared to T20. It means 
that a higher Ms value in the denominator of the equation for ɛjs (= Pjs/Mjs) thereby lowering 
the value of ɛjs. These results also indicate that more solids can be suspended per every unit 
of power input in the large tank. Therefore, it is more energy efficient to use a relatively 
larger scale tank for solids suspension. The following equations show the relationship 
between the ratio of js values of the larger and smaller tanks to the scale factor (= 1.5): 
For baffled condition:  
ɛ       
ɛ       
                       
For unbaffled condition: 
ɛ       
ɛ       
                     
The negative exponents for the scale factor (-1.95 for baffled condition and -2.53 for 
unbaffled condition) indicate that js value decreases with an increase in the tank diameter.   
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Figure 4.5 Effect of scale up on tank diameter on Njs as a function of the solids 
concentration Cv at constant D/T ratio. Tank diameter: 0.20 m (T20) and 0.30 m (T30). 
Impeller: Rushton Turbine (DT6) 
 
Figure 4.6 Effect of scale up on tank diameter on ɛjs as a function of solids concentration 
Cv at constant D/T ratio. Tank diameter: 0.20 m (T20) and 0.30 m (T30). Impeller: 
Rushton turbine (DT6) 
0.0
2.0
4.0
6.0
8.0
10.0
12.0
14.0
0 0.1 0.2 0.3
N
js
 (
rp
s)
 
Cv (v/v) 
T20 Baffled
T30 Baffled
T20 Unbaffled
T30 Unbaffled
0.0
1.0
2.0
3.0
4.0
5.0
0 0.1 0.2 0.3
ɛ j
s 
(W
/k
g
) 
Cv (v/v) 
T20 Baffled
T30 Baffled
T20 Unbaffled
T30 Unbaffled
 88 
 
4.2.5 Optimum solids concentration, (Cv)op 
As noted in Section 4.2,1, the Cv value at which the ɛjs value is the lowest on each ɛjs versus  
Cv curve is designated as the ‗optimum solids concentration (Cv)op‘, where the energy input 
through impeller rotation is used most efficiently. The optimum solids concentration (Cv)op 
and the corresponding ɛjs value for different impellers are shown in Table 4.2 for both baffled 
and unbaffled conditions in T20 and T30. It is clear that (Cv)op varies with impeller type and 
baffle arrangement. For both baffled and unbaffled conditions, (Cv)op is found to occur within 
the range of 0.20 – 0.25 (v/v). It is inefficient to operate the vessel with a solids concentration 
lower than the optimum concentration because most of the energy will be utilized to circulate 
the liquid phase rather than suspending the solids. Although the magnitude of ɛjs values 
increases only marginally in solids concentrations higher than the optimum, it is not 
recommended to operate the vessel greater than 0.30 (v/v) because a significant fraction of 
the energy will be wasted in compensating the particle-particle friction thereby leading to 
higher impeller power consumption. Interestingly, DT6 is found to be the most energy 
efficient impeller compared to 45PBT6 and A310 under unbaffled condition. This finding is 
in contrast to conventional understanding that axial flow impellers are more energy efficient 
than radial flow impellers for solids suspension under baffled condition. The (Cv)op is found 
to be independent of the baffle arrangement for all the impellers studied. Under both baffled 
and unbaffled conditions, the (Cv)op value is found to be 0.20 (v/v) for DT6 whereas it is 
found to be 0.25 (v/v) for both 45PBT6 and A310. Also, the (Cv)op values for T30 are found 
to be similar to those for T20 under both baffled and unbaffled conditions. 
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Table 4.2 Optimum solids concentration and corresponding minimum specific power 
consumption ɛjs 
Impeller Tank  Baffle 
Arrangement 
Optimum Solids 
Concentration (v/v) 
Corresponding ɛjs 
(W/kg) 
DT6 T20 Baffled 0.20 2.68 
DT6 T20 Unbaffled 0.20 0.92 
45PBT6 T20 Baffled 0.25 2.14 
45PBT6 T20 Unbaffled 0.25 0.93 
A310 T20 Baffled 0.25 2.11 
A310 T20 Unbaffled 0.25 1.28 
DT6 T30 Baffled 0.20 1.24 
DT6 T30 Unbaffled 0.20 0.32 
 
4.3 Improved energy efficiency at optimum solids concentration 
As mentioned above in Section 4.2, the specific impeller power consumption results, 
expressed as impeller power consumption per unit mass of solids, indicate that the presence 
of an optimum solids concentration for different impeller type under both baffled and 
unbaffled conditions. These results indicate that the efficiency of solids suspension operation 
can be maximised by operating the vessel at optimum solids concentrations. Therefore, solids 
suspension was investigated in this work with the aim of improving the agitator energy 
efficiency at higher solids concentrations. Such information will be valuable when selecting a 
suitable mixing operation and geometry for the purpose of process intensification.  
This section will investigate the impeller power required to suspend higher solids 
concentration as a function of solids concentration, impeller type and baffle arrangement. The 
findings from this investigation will help in achieving the overall goal of selecting an energy 
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efficient configuration for suspending solids at optimum solids concentrations while 
minimising power consumption at the same time. 
4.3.1 Energy efficiency on high solids concentration and impeller type 
It is necessary to investigate the methods that can help in improving the agitator energy 
efficiency especially when higher solids concentration are used. The ɛjs values obtained for 
the DT6, 45PBT6 and A310 impellers under baffled and unbaffled conditions in T20 are 
shown in Figure 4.7. A significant reduction in ɛjs values can be observed for all impeller 
types when they are employed at higher solids concentrations. The ɛjs values obtained at high 
solids concentrations (0.20 – 0.25 (v/v)) are lower compared to that at a low solids 
concentration (0.08 v/v) indicating that impeller energy efficiency is higher at (Cv)op. Similar 
results can be found for unbaffled condition (Figure 4.7b). In this case also, impeller energy 
efficiency can be improved by operating the process at higher solids concentrations of 0.20 – 
0.25 (v/v) compared to 0.08 (v/v). Therefore, it is advantageous to operate the agitated vessel 
at optimum solids concentration, which lies between the traditionally used low concentrations 
and impractical ultra-high concentrations regardless of the impeller type and baffle 
arrangement used.  
The effect of impeller type on jsis also clear from the results shown in Figures 4.7a and b. 
DT6 leads to the highest ɛjs value at low (Cv = 0.08 (v/v)) and high (Cv = 0.2 to 0.25 (v/v)) 
solids concentrations under baffled condition compared to 45PBT6 and A310 impellers. 
Based on these results, it may be concluded that it is more energy efficient to operate the 
solids suspension vessel under baffled condition using A310 impellers at the optimum solids 
concentration of 0.25 (v/v). However, for unbaffled condition, the ɛjs values for the impellers 
used exhibits an opposite trend (Figure 4.7b). In this case, DT6 is found to be the most energy  
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 (a)  
(b)  
Figure 4.7 Variation of ɛjs with impeller type at low solids concentration (Cv = 0.08 (v/v)) 
and selective optimum solids concentration. (a) Baffled condition, and (b) Unbaffled 
condition. Tank = T20 
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efficient compared to A310 and 45PBT6 at optimum solids concentrations of 0.2 – 0.25 (v/v). 
Moreover, these results indicate that the impeller with a higher power number (DT6) requires 
lower specific power input to suspend the particles at Njs under unbaffled condition. Based on 
these results, it can be said that the best agitation energy efficiency can be achieved at 
optimum solids concentrations using DT6 under unbaffled condition. 
4.3.2 Energy efficiency with baffle removal  
A comparison of js values for different impeller types under baffled and unbaffled conditions 
is shown in Figure 4.8. It is interesting to note that the impeller energy efficiency (i.e., 
significant reduction in ɛjs) in solid-liquid agitated vessels can be increased just by removing 
the baffles. As seen in Table 4.1, the reduction in js by removing the baffles is more 
pronounced for DT6 (radial flow impeller). A larger reduction in js (~65%) is observed for 
DT6 compared to A310 (~28%). The reason for a marginal reduction injs for A310 due to 
the removal of baffles has been discussed above (Section 4.2.3). 
Under baffled condition, DT6 has the highest ɛjs value while A310 impeller has the lowest ɛjs 
value at their respective optimum solids concentrations.  This indicates that it is more energy 
efficient to use an axial flow impeller than radial flow impeller to suspend solids under 
baffled condition. However, under unbaffled condition, the radial flow impeller is more 
energy efficient than the axial flow impeller, which is opposite of what has been observed for 
the baffled tank. This finding suggests that it is beneficial to operate the agitated vessel using 
DT6 under unbaffled conditions at solids concentrations around the optimum value.  
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Figure 4.8 Variation of ɛjs with baffle arrangement at selective optimum solids 
concentration for all impeller types. Tank = T20 
 
4.4 Conclusions 
The specific impeller power consumption for solids suspension in a mechanically agitated 
vessel has been investigated over a range of solids concentration (up to 0.30 (v/v)) under just-
off bottom suspension condition. The impellers used in this study were radial flow impeller 
(DT6), axial flow impeller (A310) and mixed flow impeller (45PBT6). Results showed that 
when solids concentration increases, specific power ɛjs values (expressed as power per unit 
mass of solids) decrease until a minimum value is reached and begins to increase thereafter. 
The optimum solid concentration, at which the specific impeller power value is minimum, 
varies between 0.20 – 0.25 (v/v) depending on the impeller type and baffle arrangement. This 
indicates that less power is required to suspend more solids at higher solids concentration up 
to optimum solids concentration. Similar observations were made for all impeller types under 
baffled and unbaffled conditions.  
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The higher power number radial flow impeller (DT6) is found to be more energy efficient 
than the lower power number axial flow impeller (A310) in the absence of baffles. 
Nevertheless, under baffled condition, A310 is more energy efficient than DT6 impeller. 
Removal of baffles was found to be beneficial for improving energy efficiency regardless of 
the impeller type and solids concentration used. Moreover, it significantly reduces the 
specific impeller power consumption (up to 65%) even at a very high solids concentration. 
This improved energy efficiency is applicable for a larger tank size also.  
In order to improve the energy efficiency of solids suspension in an agitated vessel, two main 
approaches are suggested. The first approach is operating the solid-liquid agitated vessel 
around optimum solids concentration (0.20 – 0.25 (v/v)). The second approach is to operate 
the vessels without baffles. It is suggested that operating the mixing vessel at higher solids 
concentration can significantly improve energy efficiency in the absence of baffles. This led 
to an investigation of the solid-liquid mass transfer coefficient, the results of which are 
reported in Chapter 5. 
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CHAPTER 5 RESULTS AND DISCUSSION 
 
SOLID-LIQUID MASS TRANSFER 
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5.1 Introduction 
Off-bottom suspension of solids plays an important role in promoting mass transfer between 
solid and liquid in mechanically agitated vessels employed in mineral and chemical 
industries. This becomes especially important when high solids concentrations are used for 
the purpose of process intensification. The purpose of process intensification is to increase 
production throughput through improved fluid dynamics in agitated vessels. In agitated 
vessels, mixing intensification requires that the production rate to be increased without major 
changes in the geometry of the existing infrastructure. A majority of the current industrial 
agitated vessels has baffles to provide better mixing, resulting in uniform solids suspension 
and higher mass transfer coefficient. However, as noted in Chapter 4, the removal of baffles 
is beneficial for achieving mixing intensification at an optimum specific impeller power 
consumption. The work presented in Chapter 4 focuses on the effect of high solids 
concentration on impeller power consumption. The performance of the mixing vessel has 
been evaluated in terms of solids concentration, impeller type, and baffle arrangement. The 
removal of baffles was found to have a significant influence on the impeller energy efficiency 
for all impellers studied over a range of solids concentration. The main improvement in 
energy efficiency was obtained through the use of an optimum solids concentration, which is 
higher than those that have been used in industry hitherto. To investigate further advantages 
of using the optimum solids concentration, solid-liquid mass transfer studies were carried out 
using a range of solids concentration including optimum solids concentrations. This chapter 
presents the results of solid-liquid mass transfer coefficient obtained for different impellers in 
baffled and unbaffled agitated tanks. 
In solid-liquid mixing operations, it is important to keep solids suspended off the tank bottom 
so as to expose the entire solid surface area for mass transfer or reaction. It is not 
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advantageous to increase the solids suspension level further to a homogeneous state because 
the additional power input does not lead to any significant enhancement in the mass transfer 
rate (Nienow et al., 1997; Paul et al., 2004). There have been many studies in the literature 
which focus on solid-liquid mass transfer in agitated vessels for a variety of geometric and 
operating conditions. However, the majority of them involve low solids concentration with 
less than 0.10 (v/v) solids. Not much attention was paid to the effect of solids concentration 
on the mass transfer coefficient, especially at high solids concentrations.  
In this chapter, the solids concentration at which the highest solid-liquid mass transfer 
coefficient (kSL) value is obtained for a particular geometry is designated as ‗effective solids 
concentration, (Cv)eff‘. This chapter also compares the solid-liquid mass transfer coefficient 
values in terms of the specific impeller power consumption so as to determine the best tank 
and the impeller configuration for solid-liquid mass transfer. The change in kSL values due to 
the change in solid concentration were analysed and compared to the changes in js values. 
The results presented in this chapter will be useful in selecting the best configuration among 
the various impeller types and baffle arrangements for improving the solid-liquid mass 
transfer. In addition, they will be useful in optimising the impeller energy efficiency of 
mixing vessels handling slurries with high solids concentrations. 
The two ranges of solids concentration that were used to study the effect of solids 
concentration on mass transfer coefficient are shown in Table 5.1. The NaOH concentrations 
used were 0.001 M and 0.25 M for Cv ranges 0.005 – 0.065 (v/v) and 0.08 – 0.30 (v/v), 
respectively. The higher NaOH concentration of 0.25 M was chosen for the Cv range of 0.08 
– 0.30 (v/v) so as to obtain accurate readings of the solute (NaOH) concentration at shorter 
intervals especially during the early stages of the mass transfer experiments. When NaOH 
concentration of 0.001 M was used, the solute got depleted very rapidly which made 
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obtaining NaOH concentration readings at various intervals difficult. Therefore, a higher 
initial solute concentration was needed for the Cv range of 0.08 – 0.30 (v/v) so that a 
sufficient number of readings can be obtained to study the change of concentration with time. 
 
Table 5.1  Solid and NaOH concentrations used in mass transfer experiments  
Experiment Set Solids concentration, Cv (v/v) Initial NaOH solution concentration 
1. Low Cv 0.005 – 0.065 0.001 M 
2. High Cv 0.08 – 0.30 0.250 M 
 
5.2 Results and discussion 
5.2.1 Effect of impeller speed on mass transfer coefficient 
In solid-liquid agitated systems, the primary design parameter is the solid-liquid mass transfer 
coefficient kSL at or above just off-bottom solids suspension condition. Experiments were 
carried out in this study by varying the concentration of cation exchange resins to examine its 
effect on kSL. The volumetric mass transfer coefficient (kSLap) values are plotted against the 
impeller speed in Figure 5.1 for various Cv. The impeller used was Rushton turbine (DT6) 
under baffled condition. It can be observed that kSLap increases with an increase in impeller 
speed up to Njs for all Cv. The kSLap values below Njs display a relatively weak dependency 
on the impeller speed because the total surface area of solids is still not available for mass 
transfer (Harriott, 1962; Nienow, 1969; Nagata, 1975; Lal et al., 1988). However, above Njs, 
kSLap continues to increase with increasing stirrer speed but the increase is marginal. The 
increase in kSLap values with increasing speed is presumably due to the intense mixing in the 
vessel which generates an enhanced overall liquid turbulence (Lal et al., 1988; Tagawa et al., 
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2011). Beyond Njs, the solid-liquid interfacial area ap is independent of agitation because all 
particles become fully suspended and the entire solid surface area is available for mass 
transfer. The increase in impeller speed above Njs produces only a marginal increase in kSLap 
probably because the system gets aerated at these speeds (Nienow, 1969). Therefore, any 
additional impeller power used above Njs is not beneficial. Based on these considerations, it 
has been decided in this work that operating the system at Njs is sufficient for mass transfer 
purposes. It is also clear from Figure 5.1 that higher the solids loading, greater the kSLap value 
at all impeller speeds. 
 
Figure 5.1 Effect of solids concentration on the relationship between volumetric mass 
transfer coefficient, kSLap and impeller speed, N in a baffled tank. Impeller: Rushton 
turbine (DT6). Set 1: Cv = 0.006 – 0.065 (v/v). Tank = T20 
 
The changes in solid-liquid mass transfer coefficient, kSL as a function of Cv are shown in 
Figure 5.2. The values of kSL were obtained by dividing kSLap by ap at various Cv. The ap 
values at various Cv are shown in Table 3.5 in Chapter 3. The trends in kSL with increasing 
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impeller speed are similar to all Cv values. In agreement with the findings of previous 
investigators (Nienow, 1969; Kato et al., 2001; Tezura et al., 2008), kSL for a constant Cv 
increases with an increase in impeller speed because higher impeller speed improves the 
degree of suspension thus enhancing mass transfer. This increase continues beyond Njs 
although relatively to a lower magnitude which is consistent with the finding of Nienow 
(1969). It is uneconomical to operate this system with impeller speed above Njs as the 
increase in kSL is marginal but the impeller power input required to achieve this is 
significantly higher. On the other hand, operating the impeller below Njs is not recommended 
because it leads to a relatively lower kSL values due to settling of a fraction of particles at the 
tank bottom. Moreover, the decrease in impeller speed dampens the turbulence thereby 
leading to a lower kSL value. Based on these considerations, it is recommended to operate the 
solid-liquid mixing vessels at Njs when they are used for mass transfer operations. 
From Figure 5.2, it can be seen that the trend in kSL values with increasing Cv is opposite to 
what has been observed for kSLap in Figure 5.1. The kSL value for a given impeller speed 
decreases with increasing solids concentration. This difference in kSL value for systems with 
solids concentrations of 0.006 and 0.045 (v/v) is significant whereas that for systems with 
0.045 and 0.065 (v/v) solids is relatively small. These results show that the contribution to the 
increase in aP due to the increase in Cv is greater in the increase of kSLap despite the decrease 
in kSL with increasing in Cv. In other words, when greater amount of resins is used, the 
increase in ap  is greater and therefore the enhancement in kSLap is also greater.  
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Figure 5.2 Effect of solids concentration on the relationship between solid-liquid mass 
transfer coefficient kSL and impeller speed, N in a baffled tank. Impeller: Rushton 
turbine (DT6). Set 1: Cv = 0.006 – 0.065 (v/v). Tank = T20 
 
5.2.2 Effect of solids concentration on mass transfer coefficient 
5.2.2.1 Low solids concentration: Cv = 0.005 – 0.065 (v/v) 
A majority of the past studies on solid-liquid mass transfer in agitated vessels focused on low 
solids concentration (< 0.10 (v/v)) systems in which the interaction between the particles is 
negligible (Harriott, 1962; Lal et al., 1988; Livingston and Chase, 1990; Kato et al., 1998; 
Kasat and Pandit, 2005). Moreover, the effect of solids concentration on solid-liquid mass 
transfer at Njs was also not yet established in these studies.  
In this work, mass transfer experiments were carried out by varying Cv to examine its effect 
on kSL. The kSLap and kSL values obtained using DT6 at Njs for a Cv range of 0.05 – 0.065 
(v/v) are shown in Figure 5.3 for baffled T20 tank. It can be seen clearly that the kSLap at Njs 
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
0 1 2 3 4 5 6 7 8 9
k
S
L
 x
 1
0
-4
 (
m
/s
) 
N (rps) 
0.006 (v/v)
0.045 (v/v)
0.065 (v/v)
Njs 
Njs Njs 
 102 
 
value increases continuously with increasing Cv. However, the kSL value at Njs exhibits no 
major changes with increasing Cv. Similar trends were reported at constant impeller speeds 
by Harriott (1962), Sykes and Gomezplata (1967) and Lal et al. (1988). However, these 
studies did not elaborate on the reasons for the trend in kSL values with increasing solids 
concentration. The results shown in Figure 5.3 indicate that the main reason for increasing 
kSLaP values is increasing ap because kSL remains more or less constant with increasing Cv. It 
should be however noted that this trend is applicable only to the Cv range shown in Figure 
5.3. 
 
 
Figure 5.3 Solid-liquid mass transfer coefficient, kSLap and kSL, at the just-suspended 
speed, Njs in a baffled tank. Impeller: Rushton turbine (DT6), Set 1: Cv = 0.006 – 0.065 
(v/v). Tank = T20 
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5.2.2.2 High solids concentration:. Cv = 0.08 – 0.30 (v/v) 
This section discusses the solid-liquid mass transfer coefficient values obtained using a 
higher solids concentration range of 0.08 – 0.30 (v/v).  The kSLap and kSL values obtained for 
this Cv range using DT6 in T20 are shown in Figure 5.4 for baffled condition. It can be seen 
that the volumetric solid-liquid mass transfer coefficient, kSLap, increases rapidly with an 
increase in Cv, reaches a maximum value and decreases thereafter. The kSL value also follows 
a similar trend with increasing Cv. However, the Cv at which the maximum kSLap occurs is 
different from the one at which maximum kSL occurs. The maximum in kSLap occurs at Cv = 
0.25 (v/v) whereas the maximum in kSL occurs at Cv = 0.20 (v/v). The increase in kSLap with 
increasing Cv up to the maximum value of 0.25 (v/v) can be attributed to an increase in both 
solid-liquid interfacial area, ap, (according to equation 3.5) and kSL. But the decrease in kSLap 
beyond 0.25 (v/v) is mainly due to the decrease in kSL value with the increase in Cv because 
ap, the other component in kSLap, keeps increasing with increasing Cv. The trend in kSL value 
shown in Figure 5.4 has not been reported in the literature before. The kSL value increases 
with the increase in Cv up to 0.15 (v/v), remains more or less constant between Cv = 0.15 and 
0.20 (v/v), and decreases beyond Cv = 0.20 (v/v). Similar findings were reported by Cline 
(1978) who found that kSL value decreases with increasing solids concentration based on their 
experiments carried out at constant impeller speed (not Njs) by increasing the solids 
concentration. The Cv value at which the maximum kSL occurs is designated as as ‗effective 
solids concentration, (Cv)eff‘ in this work. This term represents the solids concentration at 
which the kSL is the highest. Hence, in the present case, 0.20 (v/v) is designated as the (Cv)eff 
for DT6 in T20. 
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Figure 5.4 kSLap and kSL at Njs for solid concentration, Cv range 0.08 – 0.30 (v/v) (Set 2) 
under baffled condition. Impeller: Rushton turbine (DT6). Tank = T20 
 
Role of turbulence on the changes in kSL 
The changes in kSL with increasing Cv can be explained considering the role of turbulence 
and convection on solid-liquid mass transfer process. Although the mass transfer rate on solid 
surface is controlled by diffusion, the overall mass transfer rate is affected significantly by 
convective mass transfer which in turn is influenced by the turbulence intensity in the 
continuous phase. The turbulence intensity influences not only the convective mass transfer, 
it also influences the diffusion on the solid - liquid interface by continuously renewing the 
diffusion boundary layer surrounding the solids. Therefore, an increase in turbulence 
intensity around the particles should lead to increase the mass transfer rate and therefore 
higher solid-liquid mass transfer coefficient.  
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One of the parameters that can be used to determine the changes in the liquid phase 
turbulence intensity is the impeller Reynolds number (Re), which is defined as 
        
(5.1) 
where slurry is the slurry density (kg/m
3
), D is the impeller diameter (m), Njs is just off-
bottom solids suspension, and slurry is the apparent slurry viscosity (Pa.s). The influence of 
the CV of turbulence can be therefore determined by studying the impeller Reynolds number 
(Re). In a solid-liquid mixing system, the measurement of slurry viscosity is complex as the 
solid concentration gradient varies throughout the tank. For the purpose of estimating an 
apparent slurry viscosity, the particles are usually assumed to be evenly distributed 
throughout the tank. Based on this assumption, apparent slurry viscosity slurry can be 
estimated using a number of empirical correlations available in the literature. Among them, 
the one proposed by Feder (1974) is used in this work to estimate slurry as a function of Cv. 
The correlation is shown in equation 5.2.  
          (  
      
     
)
 
        (5.2) 
where r is the viscosity of the carrier fluid (i.e., the NaOH solution in this case, r = 0.001 
Pa.s) and m is the maximum volume fraction to which the particle can pack. Fedor (1974) 
used m 0.63 for a system of permanent aggregates in a Newtonian liquid. Honek et al. 
(2005) reported that the use of m = 0.68 gave a relatively good agreement between 
experimental data and model predictions. Therefore, m = 0.68 is used in this work.  Figures 
5.5 and 5.6 show slurry and Re values calculated using Equations 5.1 and 5.2, respectively for 
a range of Cv. It can be seen from Figure 5.5 that slurry remains constant with an increase in 
solids concentration up to Cv = 0.20 (v/v) and increases rapidly thereafter. The rapid increase 
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in slurry for Cv = 0.20 (v/v) could be attributed to increased particle-particle interaction, 
which leads to a decrease in the solid-liquid interfacial area thereby leading to a decrease in 
the mass transfer rate (Conway et al., 2002; Tagawa et al., 2011). 
Figure 5.6 shows that Re calculated using equation 5.1. It can be seen that Re increases with 
increasing Cv, reaches a maximum value and then decreases. The maximum Re is found to 
occur at Cv = 0.20 (v/v). The initial increase of Re value with increasing Cv is mainly due to 
the increasing Njs value, which increases with an increase in Cv. The increasing trend in Re 
value indicates that the turbulence in the continuous phase and that around the particles is 
intensifying leading to increased solid-liquid mass transfer coefficient (Paul et al., 2004). 
Nienow (1969) also reported that the solid-liquid mass transfer coefficient increases linearly 
with increasing impeller speed.  
The decrease in Re for Cv > 0.20 (v/v) could be attributed to the increase in slurry.  Although 
Njs also increases with increasing Cv, the degree of increase in slurry for Cv > 0.20 (v/v) is 
much greater than that for Njs (i.e. the % increase in slurry values for Cv > 0.20 (v/v) is about 
20% while the increase in Njs values is around 7% only). The decrease in Re for Cv > 0.20 
(v/v) indicates dampening of turbulent intensity in the continuous phase and around the 
particles thereby leading to a decrease in the convective diffusion of solute molecules to solid 
surface which consequently leads to a decrease in kSL (Figure 5.4). Based on these 
considerations, it can be suggested that the solid-liquid agitated system should not be 
operated at Cv > 0.20 (v/v) because it will lead to relatively lower kSL values due to the 
dampening of liquid turbulence and changes in the degree of solids suspension (Kikuchi et 
al., 1987; Conway et al., 2002).  
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Figure 5.5 Effect of solids concentration on viscosity using Fedor’s equation (5.2) 
 
 
Figure 5.6 Effect of solids concentration on Reynolds number (Re) at Njs 
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5.2.3 Effect of impeller type on mass transfer coefficient 
The type of impeller chosen for a solid-liquid agitated system can have a significant impact 
on the mass transfer coefficient because different impellers for the same speed can generate 
different types of liquid flow pattern and different levels of turbulence intensity. The impeller 
type is considered to be one of the most important parameters that control the value of solid-
liquid mass transfer coefficient (Nienow and Miles, 1978).  
To investigate the effect of impeller type, a plot of kSL versus Cv is shown in Figure 5.7 for 
DT6, 45PBT6 and A310 operated under baffled and unbaffled conditions in T20. It can be 
seen clearly that, for both baffled and unbaffled conditions, the impeller type does not have a 
significant influence for Cv < 0.10 (v/v) and Cv ≥ 0.30 (v/v). However, it has a significant 
effect in 0.10 < Cv ≤ 0.30 (v/v). The percentage differences for 0.10 < Cv ≤ 0.30 (v/v) is about 
30 - 50% while the percentage differences for Cv < 0.10 (v/v) and Cv ≥ 0.30 (v/v) is around 2 
– 5 % only. 
Under both baffled and unbaffled conditions, the kSL values obtained for DT6 are found to be 
greater than those for 45PBT6 and A310 for 0.10 ≤ Cv ≤ 0.25 (v/v). This can be attributed to 
the higher level of turbulent intensity in the radial liquid flow generated by the high-shear 
DT6 compared to the mixed flow generated by 45PBT6 or the axial liquid flow generated by 
low-shear A310 (Zhou and Kresta, 1996b). Nienow and Miles (1978) also reported that 
turbulence generated by DT6 improved the particle suspension which in turn led to the higher 
kSL values. Jadhav and Pangarkat (1991) found that the disk turbine gave a higher mass 
transfer coefficient, kSL, compared to a pitched-blade turbine over a range of impeller speed. 
Kumaresan and Joshi (2006) suggested that the use of a higher power number impeller such 
as DT6 (Power number = 5.0) leads to higher mass transfer coefficient values because high 
power number impellers generate turbulent flow with higher intensities. 
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Under baffled condition, the kSL values for A310 are lower than those for 45PBT6. This 
could be attributed to the differences in the fluid flow pattern and turbulence intensity 
generated by these two impellers. The 45PBT6 generates a radial-axial (mixed) fluid flow 
with a higher level of turbulence intensity compared to A310 impeller which typically 
generates axial fluid flow with a lower turbulent intensity. Based on these arguments, it can 
be concluded that the use of different impellers in solid-liquid agitated systems changes not 
only the liquid flow pattern and Njs but also kSL. 
With an increase in solids concentration, kSL values for all impellers increase up to a 
maximum value and begin to decrease thereafter. The effect of solids concentration on kSL is 
more pronounced for DT6 as demonstrated by the inverse U-shaped curve for this impeller 
under both baffled and unbaffled conditions. As discussed earlier, the Cv at which the highest 
kSL value occurs is designated as (Cv)eff in this work to represent the maximum solids 
concentration for achieving effective mass transfer coefficient. The (Cv)eff for DT6 under both 
baffled and unbaffled conditions is found to be 0.20 (v/v) (Figure 5.7b). The (Cv)eff for 
45PBT6 under both baffled and unbaffled conditions is found to be 0.25 (v/v). A relatively 
flat kSL versus Cv curve can be observed for A310 under both baffled and unbaffled 
conditions which indicate that the effect of solids concentration on kSL is relatively 
insignificant for this impeller. Hence, 0.25 (v/v) is selected as (Cv)eff  for A310 under both 
baffled and unbaffled conditions. Based on these results, it is concluded that the operating the 
system with DT6, compared to the other two impellers, is much more beneficial to achieve 
higher values of kSL. This conclusion is based not only on kSL results but also on js results 
discussed in Chapter 4.   
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 (a)  
(b)  
 
Figure 5.7 Effect of impeller types on kSL as a function of solids concentration (Set 2). 
(a) Baffled condition, and (b) Unbaffled condition. Tank = T20 
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5.2.4 Effect of baffles on mass transfer coefficient 
Baffles are widely employed in agitated vessels to enhance mixing and improve mass transfer 
coefficient. The effect of baffles on kSL can be seen from Figure 5.8 where kSL values are 
plotted as a function of solids concentration for baffled and unbaffled conditions. The trend in 
kSL values as a function of Cv is similar under both baffled and unbaffled conditions for all the 
three impellers studied (Figure 5.8a, b and c). The kSL value for DT6 for both baffled and 
unbaffled conditions increases with increasing Cv up to 0.20 (v/v) and decreases thereafter 
(Figure 5.8a). However, kSL values under baffled condition are either equal to or higher than 
those under unbaffled condition. Similar trends are found in kSL values under baffled and 
unbaffled conditions for 45PBT6 and A310 also. Higher values of kSL are found for some Cv 
values under baffled conditions compared to those under unbaffled conditions. This can be 
attributed to high fluctuating liquid velocities generated in the baffled tank at higher Njs 
values required under baffled condition  (Levins and Glastonbury, 1972). Table 5.2 shows the 
% decrease in kSL values due to the removal of baffles for Cv = 0.2 (v/v) for all the three 
impellers. The % decrease is about 5% and 12% for DT6 and 45PBT6, respectively and 
negligible for A310. These results demonstrate that operating DT6 and 45PBT6 under baffled 
condition will enhance kSL values. Interestingly, the effect of baffles on kSL at high Cv for 
A310 is insignificant. This is probably due to the similarity in bulk liquid flow patterns 
generated by A310 impeller under both baffled and unbaffled conditions. Of all the impellers 
used, 45PBT6 is the most sensitive to the removal of baffles.  
 
Table 5.2  Effect of baffle removal on kSL. Cv = 0.20 (v/v) 
 DT6 45PBT6 A310 
Set 2: High Cv -5 -12 -1 
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 (a)  
(b)  
(c)  
Figure 5.8 Effect of baffle removal on kSL as a function of solids concentration (Set 2). 
Impeller: (a) Rushton turbine (DT6), (b) 45
o
 Pitched blade disc turbine (45PBT6), and 
(c) A310 impeller (A310). Tank = T20  
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To explain the reasons for the enhancement of kSL under baffled condition, impeller Reynolds 
number (Re) was calculated and plotted as a function of Cv in Figure 5.9 for DT6. With an 
increase in Cv, Re increases, reaches a maximum value and then decreases for both baffled 
and unbaffled conditions. However, Re values for unbaffled condition are lower than those 
for the baffled condition at all Cv. This is mainly because Njs value for a given Cv was lower 
under unbaffled condition than that under baffled condition. Because all other parameters in 
Re are the same under both baffled and unbaffled conditions, the lower Re values for 
unbaffled condition indicate that the turbulent intensity level is lower under unbaffled 
condition compared to baffled condition (Harriott, 1962; Levins and Glastonbury, 1972). 
Therefore, the reduction of turbulence intensity can be designated to be the main reason for 
the lower kSL values under unbaffled condition. This is because the dampening of turbulence 
and packing effect because under unbaffled condition leads to non-uniform dispersion of 
solids and lower levels of convective diffusion which combinedly cause poor contact between 
the solid surface and the liquid film and reduced level of mass transfer. 
 
Figure 5.9 Effect of baffle removal on Reynolds number (Re) at Njs. Impeller: Rushton 
turbine (DT6). Tank = T20  
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5.2.5 Effect of scale up on mass transfer coefficient 
The kSL results obtained using the 0.3 m diameter tank (T30) and DT6 impeller (which 
yielded the highest kSL values in T20) are used to investigate the effect of scale-up on solid-
liquid mass transfer coefficient. The effect of solids concentration on kSL for T30 is shown in 
Figure 5.10. In this case also, the kSL increases with increasing solids concentration up to a 
maximum value and decreases thereafter under both baffled and unbaffled conditions. The 
effective solids concentration (Cv)eff,  at which the kSL value is the highest, is found to be 0.25 
(v/v) under both baffled and unbaffled conditions. Similar to the results for T20, the kSL 
values for unbaffled condition are lower than those for baffled condition in T30 too. 
Although as seen in Figure 5.10, the effective solids concentration could extend to CV = 0.30 
(v/v), however in term of energy efficiency, relatively higher impeller power consumption is 
required to suspend all solids at 0.30 (v/v). These results suggest that the trends in kSL values 
with increasing Cv will be similar in larger scale vessels with geometric similarity.  
 
Figure 5.10 Solid-liquid mass transfer coefficient on the effect of solids concentration 
for T30. Impeller: Rushton turbine (DT6). NaOH concentration = 0.25 M 
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The effect of scale up on kSL can be seen further in Figure 5.11 which shows the results for 
T20 and T30 under baffled condition. All the results shown in this figure were obtained at 
Njs. For Cv ≤ 0.20 (v/v), kSL values for both T20 and T30 are close to each other and can be 
considered to be similar. However, for Cv > 0.20 (v/v), kSL values for T30 are found to be 
higher than those for T20. Moreover, it is interesting to note that the difference in kSL values 
for T30 and T20 increases with increase in Cv for Cv > 0.20 (v/v). 
 
 
Figure 5.11 Effect of scale up on solid-liquid mass transfer coefficient (kSL) as a function 
of solids concentration Cv at constant D/T ratio. Tank diameter: 0.20 m (T20) and 0.30 
m (T30). Impeller: Rushton turbine (DT6). Baffled condition. NaOH concentration = 
0.25 M 
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5.2.6 Effective solids concentration for mass transfer 
The effect of solids concentration on kSL at Njs for different impeller types and baffle 
arrangements has been discussed so far. The results presented earlier in this chapter indicate 
that an effective solids concentration (Cv)eff for achieving highest kSL value exists for all the 
impellers and baffle arrangements used in this study. As noted in Section 5.2.3, with an 
increase in solids concentration, kSL increases regardless of the impeller type up to a 
maximum value and begins to decrease thereafter. Based on these results, it is clear that kSL 
can be enhanced by operating the mixing tank at a solids concentration higher than previously 
thought. The effective solids concentration (Cv)eff varies with the impeller type and baffle 
arrangement. The values of (Cv)eff and the corresponding kSL are summarised in Table 5.3 for 
different impellers and baffle arrangements used in T20 and T30. On comparing the results, it 
is clear that the highest kSL value in T20 is obtained for DT6 regardless of the baffle 
arrangement, followed by 45PBT6 and A310. Such a comparison could not be made for T30 
because only DT6 was employed in this tank. However, the kSL value for DT6 in T30 under 
baffled condition is closer to those for T20 under both baffled and unbaffled conditions. 
The (Cv)eff for achieving highest possible kSL values occur in the range of 0.20 – 0.25 (v/v), 
regardless of baffle arrangement in both T20 and T30 for all the impellers used. These (Cv)eff 
results are similar to the optimum solids concentrations (Cv)op values obtained based on 
impeller specific power input js in Section 4.2.5 in Chapter 4. In other words, the (Cv)eff 
values obtained in achieving the best kSL are the same as the (Cv)op values obtained in 
achieving impeller energy efficiency (Table 4.2). These findings indicate that operating solid-
liquid mass transfer vessels at an optimum solids concentration is preferable because it can 
achieve effective mass transfer with maximum impeller energy efficiency.  
 117 
 
Table 5.3 Effective solids concentration (Cv)eff (v/v) and corresponding mass transfer 
coefficient kSL 
Impeller Tank 
Baffle 
Arrangement 
(Cv)eff (v/v) 
Corresponding kSL 
(m/s) 
DT6 T20 Baffled 0.20 1.16 
45PBT6 T20 Baffled 0.25 0.89 
A310 T20 Baffled 0.25 0.73 
DT6 T20 Unbaffled 0.20 1.09 
45PBT6 T20 Unbaffled 0.25 0.77 
A310 T20 Unbaffled 0.25 0.71 
DT6 T30 Baffled 0.25 1.08 
DT6 T30 Unbaffled 0.25 0.89 
 
 
5.3 Improved mass transfer rate and energy efficiency at optimum solids 
concentration 
It has been shown above that kSL value could be enhanced by operating the agitated solid-
liquid system at a higher solids concentration (Cv = 0.20 - 0.25 (v/v)) also designated as the 
‗effective solids concentration‘. Also it was shown in Chapter 4 that operating the solid-liquid 
agitated vessel at a higher solids concentration, also designated as ‗optimum solids 
concentration‘, improves impeller energy efficiency. The following section aims to analyse 
the results for kSL and js together so as to determine the best tank and impeller geometry that 
can help in enhancing both kSL value and impeller energy efficiency. Such information will 
be valuable when designing a mixing system for the purpose of process intensification. 
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5.3.1 Effect of solids concentration on kSL and js
The effect of solids concentration on kSL and js are shown in Figure 5.12 for DT6 operated 
under baffled condition in 0.2 m diameter tank. It is clear that js value decreases with 
increasing Cv, reaches a minimum value and increase thereafter whereas kSL values exhibit 
exactly the opposite trend. It increases with increasing Cv, reaches a maximum and decreases 
thereafter. It is interesting to note that the minimum js value and maximum kSL value occur 
at Cv = 0.20 (v/v). This observation makes it clear that operating this solid-liquid mixing 
system at Cv = 0.20 (v/v) is more energy efficient compared to other Cv. If the system is 
operated at lower solids concentrations (i.e., Cv = 0.08 to 0.15 (v/v)), js will be unnecessarily 
higher but with a lower mass transfer coefficient. Similarly, for operating the system at Cv > 
0.20 (v/v) also, js will be unnecessarily higher with a poor mass transfer rate. These results 
imply that operating the solid-liquid agitated vessel at the optimum solids concentration of 
(Cv)op = 0.20 (v/v) is recommended because it improves kSL value and impeller energy 
efficiency. This optimum solids concentration (Cv)op obtained on the basis of impeller energy 
efficiency is similar to the effective solids concentration determined on the basis of maximum 
kSL value for both baffled and unbaffled conditions (Table 5.4). The (Cv)op and (Cv)eff  values 
obtained for all impeller types and baffle arrangements are shown in Table 5.4 for T20. The 
(Cv)op and (Cv)eff  are the same for the all the impellers under both baffled and unbaffled 
conditions. While these values are 0.20 (v/v) for DT6, they are 0.25 (v/v) for both 45PBT6 
and A310. Once again these results indicate that operating solid-liquid agitated vessels at (C-
v)op is recommended because a higher value of kSL can be achieved with lower impeller 
specific power input at this condition.  
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Figure 5.12 Effect of solids concentration on mass transfer coefficient and specific 
impeller power consumption. Impeller: Rushton turbine (DT6). Baffled tank. T20 tank 
 
 
Table 5.4 Selective optimum solids concentration based on energy efficiency (Cv)op and 
mass transfer coefficient (Cv)max at various impeller types and baffled condition 
Impeller 
type 
Baffled condition Unbaffled condition 
(Cv)op  
Based on impeller 
maximum energy 
efficiency 
(Cv)eff  
Based on 
maximum kSL 
(Cv)op  
Based on impeller 
maximum energy 
efficiency  
(Cv)eff  
Based on 
maximum kSL  
DT6 0.20 0.20 0.20 0.20 
45PBT6 0.25 0.25 0.25 0.25 
A310 0.25 0.25 0.25 0.25 
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5.3.2 Effect of impeller type on kSL and js 
Results shown in Table 5.4 indicate that (Cv)op and (Cv)eff values are different for different 
impeller types. To determine the best impeller type that can achieve high kSL and energy 
efficiency, kSL and js values for all the three impeller types (DT6, 45PBT6 and A310 
impellers) are shown in Figure 5.13 for baffled and unbaffled conditions. The columns in the 
graph show js values for different Cv whereas the data symbols show the kSL values obtained 
at the corresponding Cv. Under baffled condition, DT6 is found to be the least energy 
efficient but it has the highest value of kSL (Figure 5.13a). On the other hand, A310 is the 
most energy efficient but it has the lowest value of kSL. These results indicate that, under 
baffled condition, no impeller can be selected to be the best based on the criteria of highest 
kSL and lowest js values. Nevertheless, operating DT6 at Cv = 0.20 (v/v) under baffled 
condition is still beneficial for the purpose of process intensification as it has the highest kSL 
compared to other impeller types. 
Under unbaffled condition, the effect of impeller type on energy efficiency is opposite of 
what is seen under baffled condition (Figure 5.13b). As noted in Chapter 4, DT6 is the most 
energy efficient with the lowest ɛjs value compared to A310 impeller. Interestingly, DT6 also 
has the highest kSL value followed by 45PBT6 and A310. Based on these observations, it 
could be concluded that it is beneficial to operate the solid-liquid agitated system using DT6 
under unbaffled conditions as it has the highest mass transfer coefficient and lowest specific 
impeller power consumption.  
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 (a)  
(b)  
Figure 5.13 Effect of impeller type on mass transfer coefficient and specific power 
consumption at selective optimum solids concentration. (a) Baffled condition, and (b) 
Unbaffled condition. Tank = T20 
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5.3.3 Effect of baffle removal on kSL and js
The effect of baffles on kSL and js has already been demonstrated in the above sections, 
although indirectly. However, to demonstrate the baffle effect on these design parameters 
exclusively, kSL and js values for DT6 in T20 tank are shown Figure 5.14 for baffled and 
unbaffled conditions. DT6 was selected to demonstrate the effect of baffles in this section 
because it has the highest kSL and js values among the data shown Section 5.3.2. Although 
only a slight decrease in kSL is obtained due to the removal of baffles, a significant reduction 
(65%) in js is achieved. This indicates that operating the system under unbaffled condition 
using DT6 at a relatively higher solids concentration of Cv = 0.20 (v/v) is most economical 
and it will lead to significant increase in the mass transfer rate thereby enabling the industry 
to achieve process intensification. 
 
Figure 5.14 Variation of ɛjs and kSL at selective optimum solids concentration (Cv = 0.20 
(v/v)). Impeller: Rushton turbine (DT6). Tank = T20 
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5.3.4 Effect of scale up 
It is important to determine the influence of scale-up on energy dissipation and mass transfer 
rate to understand the implications of this work to full-scale industrial vessels. As mentioned 
earlier in this chapter, the main objective of this work is to increase the process throughput by 
retaining the vessel geometry with the least modification to the tank infrastructure. The 
discussion that follows will be helpful in determining two of the important design parameters 
for full-scale industry vessels, namely kSL and js. The effect of scale-up on kSL and js at Cv = 
0.20 (v/v) is shown in Figure 5.15 for DT6 employed under baffled condition. It is clear that, 
with an increase in tank diameter, ɛjs at Cv = 0.20 (v/v) value decreases and there is a slight 
decrease in kSL value.  Despite the slight decrease in kSL value with an increase in the tank 
size, there is a significant improvement in energy efficiency in the larger tank (1.24 W/kg in 
T30 opposed to 2.6 W/kg in T20). These results indicate that it is economical to employ the 
larger tank for solid-liquid mass transfer because its js is significantly lower and kSL value is 
nearly the same as that for the smaller tank.  
 
Figure 5.15 Effect of vessel size on specific power consumption and mass transfer 
coefficient at Cv = 0.20 (v/v). Impeller: Rushton turbine (DT6). Baffled tank 
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5.4 Summary 
Solid-liquid mass transfer coefficient (kSL) values were determined experimentally using 
NaOH solution – cation exchange resin system at Njs using a range of solids concentration 
(0.05  to 0.30 (v/v)). The impellers used in this study were: DT6 (radial flow), 45PBT6 
(mixed flow) and A310 (axial flow) impellers.  
It is beneficial to operate the impeller at N ≥ Njs to achieve effective kSL. Results showed that, 
with an increase in solids concentration, kSL increases up to a maximum and begins to 
decrease thereafter. The effective solids concentration for mass transfer (Cv)eff at which kSL is 
maximum is found to vary between 0.20 and 0.25 (v/v) depending on the impeller type and 
baffle arrangement. Experimental results also have shown that higher values of kSL can be 
obtained at solids concentrations higher than hitherto used in industry. The changes in kSL 
values could be attributed to the degree of solids suspension, which in turn, depends on the 
liquid turbulence intensity that changes with the impeller type and tank geometry used.  
Among the impellers used, DT6 (a higher power number impeller) achieved the highest kSL 
value than A310 (a lower power number impeller) regardless of baffle arrangement used. 
Removal of baffles had an insignificant impact on kSL values for DT6 but had a significant 
impact on kSL values for 45PBT6. Similar kSL values were obtained under both baffled and 
unbaffled conditions regardless of impeller type.  
When js values are considered along with kSL values at (Cv)op, the impeller and tank 
configuration that can achieve the highest kSL values with the least js values can be selected. 
In this case, DT6 impeller under unbaffled condition is determined to be the most economical 
configuration ion-exchange-liquid system.  
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When a larger tank (T30) with geometric similarity was used for the scale-up study, the kSL 
values were found to be similar to those for the smaller tank (T20). This observation indicates 
that higher values of kSL can be obtained in full scale solid-liquid mass transfer vessels using 
higher Cv. Moreover, it is more economical to operate a larger tank with a higher (Cv)eff as 
impeller power input required to just-suspend the solid will be significantly lower than that 
for a smaller tank but kSL value will be higher.  
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CHAPTER 6  
MATHEMATICAL CORRELATION FOR 
ESTIMATING SOLID-LIQUID MASS 
TRANSFER COEFFICIENT kSL  
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6.1 Introduction 
For a reliable design and scale-up of solid-liquid agitated vessels, estimation of solid-liquid 
mass transfer coefficient kSL is essential. Due to the complexity of the flow patterns present 
and a large number of variables in solid-liquid agitated vessels, accurate estimation of kSL is 
difficult. Although numerous correlations for estimating kSL are available in the literature, a 
majority of them can be used only for systems similar to the one used for obtaining the 
correlation. Moreover, there is hardly any correlation available for estimating kSL value for 
solid-liquid agitated systems involving high concentration solids. Therefore, it is aimed to 
develop a mathematical correlation in this chapter for predicting the kSL value for systems 
involving high concentration solids. This correlation should be useful in the preliminary 
estimation of kSL, which can be used in the design and operation of industrial scale solid-
liquid agitated vessels. Experimental values of kSL obtained from a number of mass transfer 
experiments carried out for a range of solids concentration in this work are used in 
developing the correlation. 
6.2 Mathematical correlation for solid-liquid mass transfer coefficient kSL 
It has been shown in Chapter 5 that kSL value is a function of specific impeller power input or 
energy dissipation rate in the solid-liquid agitated system. It has also been shown that the 
changes in the energy dissipation rate are influenced by the hydrodynamics of the system. 
Based on these considerations, the concept based on the theory of Kolmogoroff‘s isotropic 
turbulence is used in this section to develop the mathematical correlation for kSL. In this 
method the theory of Kolmogoroff‘s isotropic turbulence is used in deriving the Reynolds 
number used in the correlation for kSL as was discussed in Section 2.4.3 of Chapter 2.  
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There are many studies available in the literature in which solid-liquid mass transfer in 
agitated and fluidised bed systems was investigated over a wide range of Reynolds number. 
A majority of them has also attempted to derive mathematical correlations for kSL. Most of 
these correlations can be adequately described by the following equation (Ranz and Marshall, 
1952; Miller, 1971; Armenante and Kirwan, 1989):  
                          (6.1) 
where Sh is the Sherwood number, Re is the Reynolds number, Sc is the Schmidt number and 
A is a constant to be determined using a regression analysis of experimental data. The 
constant 2 in the equation is used to account for the contribution of asymptotic molecular 
diffusion from a fixed sphere based on film theory (Armenante and Kirwan, 1989). This 
value has been used widely in most of the mass transfer correlations for systems involving 
spherical particles suspended in an agitated liquid. The exponent of the Schmidt number 
varies in the range of 0 – 0.5 depending on the hydrodynamic condition (Harriott, 1962; 
Levins and Glastonbury, 1972). In this work, the Schmidt number exponent is chosen as 0.33 
based on the boundary layer theory. The exponent of the Reynolds number is chosen as 0.5 
because it has been considered to be satisfactory by many investigators for a wide range of 
solids concentration as shown in Table 2.2 (Harriott, 1962; Levins and Glastonbury, 1972; 
Cline, 1978).  
The Re used in the equation (6.1) is the particle Reynolds number and it is defined as shown 
in equation (6.2) based on Kolmogroff‘s theory of isotropic turbulence.  
   (
    
 
  
)
   
                (6.2) 
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where ɛ = power input per unit mass of total liquid in the system (W/kg), dp = particle 
diameter (m) ,   = (/) = kinematic viscosity of the liquid, (m2/s), and  and  are the 
viscosity and density of the liquid phase, respectively.
The energy dissipation rate per unit mass, ɛ, is defined in this case as follows: 
  
 
  
          (6.3) 
where P = impeller power consumption (W) and ML = total mass of liquid in the system (kg).  
The impeller power consumption in the liquid can be determined using the following 
equation: 
               
          (6.4)   
where Np = impeller power number, ρslurry = density of slurry (kg/m
3
), Njs = impeller speed at 
just suspended condition (rps) and D = impeller diameter. The standard values of Np for the 
impellers used in this work are shown in Table 6.1.  
The presence of solids is expected to influence the impeller hydrodynamics and therefore 
influence the impeller power consumption. The effect of solids on impeller power 
consumption has been accounted for using a parameter k as shown in the following equation:  
                
          (6.5)   
The parameter k is a function of the impeller type and baffle arrangement.  The values of k 
for the impeller types and baffle arrangement used in this work are shown in Table 6.1. These 
values were obtained using back-solving analysis (fitting exercise using goal seek). 
In a study on solid-liquid mass transfer in agitated vessels, it is important that all of the 
particles are suspended off the tank bottom. Therefore, a majority of experiments in this work  
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Table 6.1 Parameters related to the power consumption used in equation (6.5) based on 
effect of solids concentration for different impeller type and baffle arrangement.  
  
Rushton turbine (DT6) 
45
o
 Pitched blade turbine 
(45PBT6) 
Lightnin A310 
  
Baffled Unbaffled Baffled Unbaffled Baffled  Unbaffled 
Np 5.1 2.2 2.5 1.8 0.6 0.4 
S 7.5 7.5 6.0 6.0 9.4 9.3 
k 3.1 2.5 10.1 6.7 10.0 9.8 
 
was carried out at Njs. According to Zwietering (1958), Njs can be estimated using the 
following equation: 
       
   *
         
  
+
    
  
                 (6.6) 
where Njs = impeller speed at just suspended condition (rps), S = dimensionless number,   = 
kinematic viscosity of the slurry (m
2
/s), gc = gravitational acceleration constant = 9.8 (m/s
2
),
 
ρs = density of solid (kg/m
3
), ρL = density of liquid (kg/m
3
), X = ratio of mass of solids to 
mass of liquid (kg solid/kg liquid), dp = average particle diameter (m) and D = impeller 
diameter (m). The parameter of S is a function of the impeller type and system geometry and 
the values of S for all the impellers used in this work are shown in Table 6.1.  
The kinematic viscosity of the slurry is defined as  
  
       
       
         (6.7) 
where slurry and slurry are the effective viscosity and average density of the slurry, 
respectively. Fedor (1974) has proposed the following equation for estimating slurry: 
          (  
      
     
)
 
       (6.8) 
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where    is the viscosity of the continuous phase (i.e., NaOH solution in this case, r = 0.001 
Pa.s) and  m is the maximum volume fraction or packing volume fraction. As noted in 
Section 5.2.2.2,  m = 0.68 for the particles used in this work.  The equation for slurry is as 
follows: 
        
 
 
  
 (
   
  
)
        (6.9) 
where X is the mass fraction of the solid phase, and S and L are the densities of solid and 
liquid phases, respectively.  By substituting equations (6.8) and (6.9) in equation (6.7), we get 
the following equation for  (Honek et al., 2005): 
  
       
       
 
  (  
      
     
)
 
 
 
  
 (
   
  
)
        (6.10) 
The solid phase mass fraction X can also be expressed as a function of the solid phase 
volume fraction Cv as follows:  
  (
  
  
) (
  
    
)         (6.11)  
Substituting X from the equation (6.11) into Zwietering‘s equation (6.6), the following 
equation is obtained: 
       
   *
         
  
+
    
  
         (
  
  
)
 
(
  
    
)
 
    (6.12) 
According to Zwietering (1958), the exponent a for Cv = 0.09 – 0.20 (v/v) is approximately 
equal to 0.13. The same value (a = 0.13) is assumed to be applicable to the solids 
concentration range ((Cv = 0.08 to 0.30 (v/v)) used in this work.   
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Substituting equations (6.5) and (6.12) in equation (6.3), the energy dissipation rate  per unit 
mass is given by the following equation: 
  
 
  
 (
      
 
    
) [      *
         
  
+
    
  
         (
  
  
)
 
]
 
 (
  
    
)
  
      (6.13) 
where k is the parameter related to power consumption (as shown equation 6.5).The product 
of the first two groups in brackets in equation (6.13) is designated as * and it is given by the 
following equation:
   (
      
 
    
) [      *
         
  
+
    
  
         (
  
  
)
 
]
 
   (6.14) 
It can be seen that *is a function of impeller type and geometry, and the properties of solid 
and liquid phases only and independent of the solids concentration Cv. Now the equation 
(6.13) can be written as  
     (
  
    
)
  
        (6.15) 
It can be seen that , for a given solid-liquid agitated system, is a direct function of Cv and the 
parameter k, which accounts for the differences in the impeller type and baffle arrangement. 
Now using equation (6.15) in equation (6.2), the following equation for the modified particle 
Reynolds number, Rec, is obtained: 
    (
   (
  
    
)
  
   
 
  
)
   
        (6.16) 
Equation (6.16) shows that Rec is a function of the solids volume fraction Cv. This equation 
can be used to determine Rec even in the absence of experimental impeller power 
consumption data. 
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The mass transfer correlation shown in equation (6.1) is rewritten as follows:  
          
                 (6.17) 
where Rec is the modified Reynolds number given by equation (6.16) and A’ is a modified 
constant. To obtain the value of A’, the equation is rearranged as follows:  
    
      
      
            (6.18) 
The value of A’ can be now determined by plotting the group (
    
      
) versus    
    in an x-y 
graph. To plot the above mentioned graph, the values of the dimensionless numbers Sh, Sc 
and Rec need to be determined. Experimental values of kSL, impeller and tank dimensions, 
and the properties of the solid and liquid phases were used to determine the dimensionless 
numbers.   
Sherwood number (Sh), which is defined as 
    
      
  
          (6.19) 
was determined using experimental values of kSL (m/s) at Njs, DA =1.33 x 10
-9
 m
2
/s (= 
diffusivity of sodium ion (Na
+
) in the liquid phase), dp = 0.672 mm (= average particle 
diameter).  
Schmidt number (Sc), which is defined as 
   
  
    
         (6.20) 
was determined using  DA =1.33 x 10
-9
 m
2
/s (= diffusivity of sodium ion (Na
+
) in the liquid 
phase),  L = 0.89 x 10
-3
 kg/m.s (= viscosity of NaOH solution) and L = 1000 kg/m
3
  (= 
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density of NaOH solution.  The Schmidt number is calculated to be 560 for all the 
experiments.  
The Reynolds number Rec was determined using equation (6.16). The values shown in Table 
6.1, the impeller dimensions, and the properties of the solid and liquid phases were used in 
calculating Rec values for a range of Cv.  
The plot of (
    
      
) versus    
    for DT6 in a baffled tank is shown in Figure 6.1. It can be 
seen that the plot (shown by the data points) is not linear. The (
    
      
) value increases with an 
increase in    
   , reaches a maximum value and decreases thereafter. This trend is similar to 
the trend observed in kSL results with increasing Cv (Chapter 5). This trend is expected in this 
plot because Sh represents the changes in kSL values and Rec represents the changes in Cv 
values (as shown in equation 6.16).  
In order to obtain a mathematical equation that represents the inverse U-shaped trend of the 
data points, a non-linear regression analysis was carried out. The result of the analysis 
indicated that the inverse U-shaped trend can be simulated mathematically by the following 
equation, which is based on a quadratic equation:  
    
      
   (   
   )
 
  (   
   )         (6.21) 
Now, rearranging equation 6.21, we get 
    
      
 (     
          
    )   
        (6.22) 
Rewriting the above equation we get, 
    
      
      
           (6.23) 
where 
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    (     
          
    )      (6.24) 
where a, b, and c are constants to be determined from the regression analysis. The a, b, and c 
values determined for all the impellers used in the 0.2 m diameter tank are shown in Table 
6.2.  
Substituting equation (6.23) in equation (6.17), the following equation is obtained:  
     (     
          
    )   
              (6.25) 
The plot of equation (6.25) for DT6 in the 0.2 m baffled tank is shown as a continuous line in 
Figure 6.1. It can be seen that the agreement between the data points and plot of equation 
(6.25) is good.  
Table 6.2 Corresponding parameters related to the mathematical correlation used in 
equation (6.25) by the effect of solids concentration for different impeller type and 
baffle arrangement 
  
Rushton turbine (DT6) 
45
o
 Pitched blade turbine 
(45PBT6) 
Lightnin A310 
  
Baffled Unbaffled Baffled Unbaffled Baffled Unbaffled 
A‖   
 
  
 
    
a 3.7 11.3 5.5 12.0 1.7 3.0 
b 56.7 139.3 78.1 153.5 24.3 41.0 
c 211.3 423.0 274.3 485.7 84.0 136.6 
  
      Average 
error (%) 
21 10 7 12 5 4 
 
The Sh values estimated using equation (6.25) are shown in Figure 6.2 as a continuous line 
for all the impellers under both baffled and unbaffled conditions. The graphs also show the 
Sh values determined using experimental values of kSL for the purpose of comparison. It can 
be seen that the agreement between the estimated and experimental Sh values is good 
especially for 45PBT6 and A310 impeller. The agreement is satisfactory for DT6 under 
unbaffled condition but poor for DT6 under baffled condition. However, the interesting 
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observation from these plots is that the equation (6.25) can help in estimating the optimum Cv 
that can maximise the kSL value. The goodness of the fit for using equation (6.25) can be 
gauged from the average error (%) listed in Table 6.2. The average error is calculated using 
the following equation:  
                 
 
 
   |
    
    
|           (6.26) 
where M = number of data points, kcal = mass transfer coefficient estimated using equation 
(6.25) and kexp = experimental mass transfer coefficient value. However, it is to be noted here 
that the flow pattern in the suspension was assumed to be turbulent even at high Cv (≈ 0.30 
(v/v)) in developing this correlation.  
 
 
Figure 6.1 (Sh-2)/Sc
0.33
 versus Reynolds number plot for ion-exchange resins for Cv = 
0.08 – 0.30 (v/v) in the baffled tank. Impeller: Rushton turbine (DT6); Tank = T20 
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(a) DT6 under baffled condition (b) DT6 under unbaffled condition 
  
(c) 45PBT6 under baffled condition (d) 45PBT6 under unbaffled condition 
  
(e) A310 under baffled condition (f) A310 under unbaffled condition 
Figure 6.2 Correlations of solid-liquid mass transfer data for spherical ion-exchange 
resins: (■) Experimental data, and (-) Estimations of equation (6.25). Tank = T20  
0
10
20
30
40
50
60
70
0 0.1 0.2 0.3
S
h
 
Cv (v/v) 
0
10
20
30
40
50
60
70
0 0.1 0.2 0.3
S
h
 
Cv (v/v) 
0
10
20
30
40
50
60
70
0 0.1 0.2 0.3
S
h
 
Cv (v/v) 
0
10
20
30
40
50
60
70
0 0.1 0.2 0.3
S
h
 
Cv (v/v) 
0
10
20
30
40
50
60
70
0 0.1 0.2 0.3
S
h
 
Cv (v/v) 
0
10
20
30
40
50
60
70
0 0.1 0.2 0.3
S
h
 
Cv (v/v) 
 138 
 
The Sh values determined using experimental kSL values are compared to those estimated 
using equation (6.25) in the parity plot shown in Figure 6.3. Except for few rogue data points, 
a majority of data lies within the ± 15% band indicating that the equation (6.25) is reliable for 
estimating kSL values for a wide range of systems and a range of Cv.  
 
 
Figure 6.3 Comparison of estimated and experimental values of Sherwood number  
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6.3 Summary 
A correlation for estimating the solid-liquid mass transfer coefficient kSL was obtained using 
experimental values of kSL, impeller power consumption and solids concentration data. The 
values estimated using the proposed correlations were found to match the experimental 
results obtained using a solid concentration range of 0.08 to 0.30 (v/v). The average 
difference between the experimental and estimated results was found to vary from 4 to 21 % 
depending on the impeller type and baffle arrangement.  
Finally it should be noted that the experimental results and mathematical correlation obtained 
in this study are applicable for a solids concentration (Cv) range of 0.08 – 0.30 (v/v) in 0.2 m 
diameter tank. It is not recommended to extrapolate these results for systems with Cv > 0.30 
(v/v) or for tanks with diameters other than 0.2 m without further investigations. It is also 
recommended to improve the correlation by considering the changes in turbulence intensity 
as Cv increases.  
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CHAPTER 7 CONCLUSIONS 
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7.1 Conclusions  
In many mineral processing industry operations, it is desired to intensify solid-liquid agitated 
systems to process more minerals whilst minimising the energy consumption. It is also 
desired to achieve this objective without varying the operating conditions and vessel 
geometry to a great extent since it is often impractical to reduce the size or volume of the 
existing vessel.  
This study, through extensive experimentation, systematically evaluated the effect of solids 
concentration on specific impeller power consumption and mass transfer coefficient in solid-
liquid mechanically agitated vessels. This study focused on determining the solid-liquid mass 
transfer coefficient in agitated vessels at just suspended condition for solid concentrations up 
to 0.30 (v/v).  
One of the main aims of this work is to determine the ‗optimum solid concentration‘ which 
represents a concentration at which the energy input through impeller rotation is used most 
efficiently while achieving the highest possible mass transfer coefficient. Another objective is 
to determine the best impeller type and baffle arrangement to achieve the optimum solids 
concentration. Another objective of this work is to develop a mathematical correlation for 
estimating the solid-liquid mass transfer coefficient in agitated vessels especially over a wider 
range of solids concentration (0.08 to 30% (v/v)). This work will be beneficial to the industry 
because it can provide useful information for designing solid-liquid agitated vessels that can 
handle high concentration slurries with improved impeller energy efficiency and solid-liquid 
mass transfer coefficient.  
The following conclusion can be drawn from this study: 
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 Impeller energy efficiency can be improved by operating the solid-liquid system at a 
higher solids concentration (Cv) of 0.20 – 0.25 (v/v) where ɛjs value is minimum.  
 The removal of baffles helps to improve the impeller energy efficiency regardless of 
the impeller type and solids concentration used. It reduces the specific impeller power 
consumption up to 65% even at a relatively high solids concentration of 0.30 (v/v). 
This improved energy efficiency is found to be applicable for a larger tank with a 
diameter of 0.3 m. The decrease in specific impeller power consumption due to the 
removal of baffles is more pronounced for Rushton turbine (DT6). Under unbaffled 
condition, the higher power number impeller (DT6, in this case) is found to be the 
most energy efficient compared to lower power number impellers at an optimum 
solids concentration of 0.20 or 0.25 (v/v). Conversely, the axial flow impeller (A310) 
is more energy efficient under baffled condition.  
 Solid-liquid mass transfer coefficient is a function of the degree of solids suspension, 
which in turn, depends on the turbulence intensity of the liquid flow generated by the 
impeller pumping. It is important that all particles are in a suspended state so as to 
expose the entire solid surface area for effective mass transfer. Therefore, it is 
essential to operate the impeller at just-off bottom suspended speed, Njs. Any impeller 
speed above Njs is unnecessary and uneconomical.   
 Solid-liquid mass transfer coefficient kSL increases with an increase in solids 
concentration up to 0.20 or 0.25 (v/v) and decreases thereafter. The shape of the 
inverse U-shaped trend in kSL value with increasing solids concentration depends on 
the impeller type and baffle arrangement used. The increase in kSL is due to an 
upsurge of turbulence around the particle surface due to the increased Njs when solids 
concentration increases. The decrease in kSL value in systems with higher solids 
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concentrations is due to the dampening of liquid turbulence and increased particle-
particle interaction. 
 Removal of baffles has no significant effect on kSL regardless of the solids 
concentration and impeller type used.  
 Rushton turbine is found to produce the highest kSL value regardless of the baffle 
arrangement as it has the highest energy efficiency. This indicates that operating the 
system using Rushton turbine at an optimum solids concentration under unbaffled 
condition could lead to a greater enhancement in impeller energy efficiency and kSL.  
 In a geometrically similar large-scale tank, trends in impeller specific power input and 
kSL results are found to be similar to those for the smaller tank. This finding indicates 
that it is possible to achieve higher energy efficiency and kSL at a full-scale industrial 
vessel too. However, it has to be proved by further experimental work. 
 A mathematical correlation based on Kolmogoroff‘s theory of isotropic turbulence 
was developed to estimate kSL as a function of solids concentration. The estimations 
of the proposed correlation are found to fit the experimental data well with an overall 
average error of 15% for a solid concentration range of 0.08 – 0.30 (v/v).  
7.2 Recommendations 
The following are the recommendations for possible further work:  
 The study can be extended to investigate the effect of solids concentration and 
rheology on kSL using more viscous (for example, glycerol) or non-Newtonian liquids.  
 More investigations need to be carried out using ion-exchange resins with different 
sizes and density to study the influence of  them on kSL. 
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 Due to the limitation of time, only a limited number of experiments were performed 
to investigate the effect of geometry and operating conditions on kSL. Whilst a number 
of experiments were performed at different solids concentration, only one particle 
type (with one density and average size) were used. Only one type (DT6) of the 
impeller was used to study the effect of scale-up with one impeller clearance. Other 
impellers (i.e. 45PBT6 and A310) were not investigated for the 0.30 m diameter tank. 
Hence, the applicability of the results, which quantitatively significant, needs to be 
exhaustively tested before being applied to other systems, especially for detailed 
design and scale up purpose.  
 The present study used a tank with a 1:1 ratio of tank diameter and liquid height. 
Further investigation can be done using a taller tank with multiple impellers to 
determine the effect of high solids concentration on impeller energy efficiency and 
mass transfer coefficient.   
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APPENDIX  
 
Figure A.1 ln([CNa] /[CNa]o) versus t curve used for determining mass transfer 
coefficient, kSL. 
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